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Synopsis 
 
The mammalian gastrointestinal tract contains a complex microbial community which greatly 
influences host development and health. Microbial colonization of the gut begins at birth and 
dynamic ecological succession occurs before eventual establishment of a stable and resilient adult 
community structure. The outcome of colonization in early life is known to have long-term effects 
on host health phenotypes. Variation exists in the gut community of healthy individuals due to the 
stochastic nature of colonization but differences are also observed between health and disease 
states. In disease states such as obesity, diabetes and inflammatory bowel diseases, the 
homeostasis between the gut microbiota and host immune system is disrupted. This is thought to 
occur due to predisposition of the existing community structure to disease, or perturbances in the 
interactions and balance between microbial colonization and host tolerance. By understanding 
the factors governing development of the microbial community structure in early life, and those 
capable of modulating the existing community structure in adulthood, therapeutic management 
of the gut community can be employed in disease prevention and treatment. 
Submetagenomic analyses were undertaken to identify microbial factors in early life potentially 
acting as a signal triggering development of a stable gut community in neonate piglets. Using 
suppression subtractive hybridization, successful fractionation of the microbial community from 
piglet faecal samples before and after key points in development of the stable community 
structure was conducted. Levels of immunoglobulin A (IgA) bound to gut microbial cells were then 
analysed using flow cytometry and fluorescence in situ hybridization. Neonate piglets were found 
to constitutively produce IgA from 3 weeks of age and numbers of IgA-bound microbial cells 
increased steadily from weeks 3 to 5. IgA-bound and non-bound microbial cells were magnetically 
separated and analysed using denaturing gradient gel electrophoresis (DGGE) community 
fingerprinting. IgA-binding was found to recognize distinct bacterial populations, coinciding with 
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key points in community structure development and potentially influencing host gut colonization 
outcomes.  
The suitability of formed stool samples as a surrogate for community dynamics occurring in 
upstream gut compartments was investigated by pyrosequencing. Baseline differences were 
identified between the gut community in the mouse colon and cecum, before analysing responses 
at either site to host dietary changes. On standard chow, colon and cecum microbiota were not 
significantly different at higher taxonomic levels, with minor differences at the fine-scale 
indicating basic constraints placed by the gut anatomy on microbial community composition. 
Analyses of colon samples were found to be a more sensitive indicator of diet-induced community 
shift, compared to analyses of cecum samples. Reduction in host nutrient intake was found to 
generically drive community shift in two independent mouse genotypes, with low energy density 
diets showing significantly higher relative abundances of predicted mucin-degrading 
Verrucomicrobiae and Bacteroidia. The ability to use host secretions as an alternative energy 
source is predicted to confer a selective advantage when host dietary energy is limited.  
To directly demonstrate this, mice were intravenously injected with threonine (a major 
component of the mucin structure backbone) containing 13C and 15N. Uptake of these isotopes by 
gut bacteria was tracked with nanoscale secondary ion mass spectrometry. Significantly higher 
uptake was observed in mice on a low energy density diet, indicating the increased relative 
importance of host secretions to bacterial nutrition when host nutrient intake is reduced. 
Differential uptake by microbial populations was also observed, suggesting the existence of 
populations better adapted to using host secretions as an energy source, potentially improving 
population fitness when host-ingested nutrients are limited.  
Modification of dietary energy density appears capable of inducing significant and predictable 
changes in the gut community structure. Dietary intervention represents a viable option for 
therapeutic management of the gut community for disease treatment and prevention for host 
health outcomes. 
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1  The Mammalian Gut Microbial Community 
1.1 General Overview 
 
Microbes in the gut exert a strong influence on host animal health and development and 
various comparisons of germ-free and conventional animals have demonstrated this. Various 
studies have observed differences in gut community structure, here defined as both the 
microbial composition as well as relative abundance distribution of each taxon present, 
between healthy individuals and various disease states such as obesity and inflammatory 
bowel diseases.  
 
Understanding the factors underlying neonatal development of the gut microbiota structure, 
as well as the effect of host and environment on the established community will improve 
prospects for therapeutic management and beneficial modification of the gut microbiota for 
health outcomes.   
 
The mammalian gastrointestinal tract hosts an estimated 100 trillion microbial cells from over 
1000 species, totalling 10 times more than the somatic cells of the host [1-3]. Cell densities in 
the gastrointestinal tract are higher than any other known ecosystem, peaking at 1012 cfu/g in 
the colon [4, 5]. The combined genome of the gut microbiota, termed the gut microbiome, 
contains a greatly diverse set of genes, numbering over 100 times those present in the human 
genome and representing an enormous reservoir of metabolic capacity influencing many host 
functions [1, 6]. Humans can therefore be thought of as superorganisms with a metabolic 
capacity encompassing both microbial and human aspects [7]. As such, both host and 
microbial factors influencing the gut community structure must be considered when exploring 
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modulation of the gastrointestinal microbiota as a method of disease prevention and 
management. 
1.2 The Gut Microbial Community Structure 
 
Differences in gut microbial community structure are correlated to differences in host health 
phenotypes. To fully understand the impact of diseases driven by alterations in the gut 
microbiome, we must first understand factors affecting gut community composition and 
contributing to interindividual variation between hosts.  
 
1.2.1 The gut environment 
 
Gut microbial composition varies both temporally and spatially along the length of the 
gastrointestinal tract. The structure of the gastrointestinal tract greatly influences microbial 
composition and density in the gut. While differences exist between the gut structure of 
ruminants compared to monogastric animals, my work will be focused on monogastric hosts, 
in particular, that of human, porcine and rodent models. 
Factors influencing the composition and density of microbes in the gut include pH, transit 
time, nutrient composition and host secretions such as bile and mucus (Figure 1.1). Nutrient 
digestion begins on ingestion by mechanical and enzymatic means and continues as food 
travels through the digestive tract.  
Food passes from the oesophagus to the glandular, acid secreting stomach. The low pH and 
rapid emptying rate of the stomach limits microbial colonization although immediately after a 
meal, pH increases and microbial counts can rise briefly to 105 cfu/g [8]. Food then enters the 
small intestine (separated into the duodenum, jejunum and ileum) where host digestion and 
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nutrient absorption mainly occurs. Transit through the small intestine takes 1-4 hours and the 
presence of villi and microvilli provides a large surface area for efficient absorption. Secretion 
and mixing of bile, bicarbonate and digestive enzymes results in a neutral to alkaline mixture 
called chyme [9]. By the time it passes into the large intestine, the microbial load in chyme 
increases from 104 to 108 cfu/g [10]. 
 
FIGURE 1.1 Variations in environment and host secretions influence microbial composition and 
density along the length of the gastrointestinal tract. Examples of microbial types and abundances at 
various sites are shown [10a, 10b]. These differ according to changes in the physicochemical 
environment at different points in the gastrointestinal tract. 
  
The large intestine comprises the colon and cecum and transit time can vary from hours to 
days in humans. The cecum is an important structure in many animals, especially rodents, but 
represents a rudimentary structure in the human digestive tract. Dietary compounds not 
digested and absorbed by the host in the small intestine enter the colon and support a dense 
community of microbes – up to 1012 cfu/g from over 500 species [4, 10, 11]. These microbes 
ferment carbohydrates into CO2, H2, CH4 and short-chain fatty acids (SCFA) like acetate, 
butyrate and propionate, which can then be absorbed by the host.  The absorption of SCFAs 
accounts for 6-9% of the total energy intake for humans and can contribute up to 44% in other 
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animals [12, 13]. Butyrate is easily metabolized in the gut epithelium and is known to act as an 
energy source and promote colonocyte health [14].  
The surfaces of the small and large intestines are covered in a mucus layer which separates 
bacteria in the lumen from the gut epithelium. This barrier consists of an inner, tightly 
stratified layer which prevents bacterial penetration, and an outer, loosely adherent layer 
containing a dense population of bacteria [15, 16]. Visualisation of these populations using 
fluorescent in situ hybridization (FISH) and DAPI staining has observed a heterogeneous 
community containing large numbers of helical bacteria in the mucus layer [17]. This mucus-
associated community differs from the luminal bacteria and appears dependent on host-
related factors [2]. Studies of mucosa-associated flora have observed counts of 105 to 109 
cfu/g tissue, with high numbers of Bacteroides spp. [18, 19] .  
These structural aspects of the gut environment are fairly consistent across monogastric 
animals and define the microbial environment to a first approximation. Various host and 
microbe-dependent factors as well as host-microbe interactions contribute to maintaining 
homeostasis in the gastrointestinal tract. Understanding this complex system requires 
knowledge of development of this interplay between host and microbe from colonisation at 
birth to stability in adulthood.  
 
1.2.2 Microbial community succession and stability 
 
Colonisation of the gastrointestinal tract begins at birth and the gut community undergoes 
rapid ecological succession during which progressive replacement of existing populations for 
new populations occurs. As the host matures, the gut community structure eventually 
stabilises and establishment of the complex adult occurs. Although previous work on microbial 
succession has been confined to small sets of individuals with a limited number of samples 
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collected per individual, different hosts show similar trends in community succession, 
colonising microbes and associated developmental changes [20-26].  
First colonizers are often derived from the immediate environment and microbes of the birth 
canal. Delivery method is known to influence the initial populations colonising the gut, with 
long lasting influences on the microbial community. Anaerobic colonisation is delayed in 
infants born by caesarean section and the microbiota of these infants also show distinct 
differences from vaginally-delivered infants even up to 6 months of age [27-30].  
Studies in germ free mice suggest that epithelial glycans produced during the perinatal period 
may serve as signals directing early microbial colonization along the length of the developing 
intestine [31, 32]. Early colonizers are also thought to be capable of modulating host 
expression of glycosyltransferases, influencing host epithelial glycan synthesis and selecting for 
populations capable of using host glycans as a nutrient source [31, 33-35].  
Initially, fast-growing bacteria dominate the community, before space and nutrient limitations 
select for more specialized bacterial populations [36]. Pioneer bacteria are also known to be 
capable of adjusting gene expression in host cells to exclude competing bacteria, favouring 
themselves [27]. The growth of aerobic and facultative anaerobes are thought to lower the 
redox potential in the intestine, favouring establishment of obligate anaerobic bacteria such as 
Bacteroides and Bifidobacteria which then dominate the gut community [37, 38].  
Succession of microbial populations in the gut is influenced by many factors, both internal and 
external. Internal factors include host physiology, genotype and immunotype as well as the 
microbial populations already present and their interactions [39]. External or environmental 
factors include delivery method, maternal microbiota and hygiene are known to strongly 
influence the composition of the gut microbiota [29, 40]. Major changes in community 
structure are also observed to coincide with dietary changes such as substitution of breast 
Chapter 1: The Mammalian Gut Microbial Community 6 
 
milk for formula, weaning and introduction of solid foods [20, 41]. Breast-fed infants show a 
greater proportion of Bifidobacterium with diversity increasing only after weaning, compared 
to more diverse populations found in formula-fed infants comprising enterobacteria, 
Streptococcus, Bacteroides and Clostridium in addition to Bifidobacterium [20, 41-43]. 
As the host matures physiologically and immunologically, fluctuations in community structure 
eventually decrease and the intestinal community transitions to the adult gut community 
structure. However, not much is known about the host or microbial factors that signal 
developmental changes in the host and influence timing of these crucial time points in 
establishment of the adult community structure. Colonisation outcomes appear to be highly 
dependent on environmental factors and microbial exposure, but the identity and role of host 
or microbial signals (as well as interactions between the two) crucial for sculpting the adult gut 
microbial community structure remain to be identified. 
The established adult structure is known to be resilient and capable of returning to its previous 
composition after perturbation, although disease, antibiotic use and major dietary changes are 
known to have an effect [11, 44, 45]. Numerous studies have confirmed that the climax 
microbial community structure is both stable and host-specific [46-49]. As the adult 
community structure reflects gut colonization outcomes in early life, understanding of 
emergent properties observed in the adult host phenotype, particularly in health and disease, 
requires consideration of factors influencing neonatal colonization outcomes and the gut 
community structure in adulthood. 
 
1.2.3 Microbial diversity 
 
The intestinal microbiota varies both quantitatively and qualitatively along the length of the 
gastrointestinal tract. Characterisation of the human gastric mucosa has identified the 
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presence of a diverse community, with sequences attributed to Firmicutes, Bacteroidetes and 
Actinobacteria in addition to Helicobacter species [50]. The redox potential decreases along 
the tract, and microbes colonizing the proximal end tend towards facultative or aerobic 
microorganisms whereas anaerobic populations are dominant in the colon [3]. Analysis of 
human faecal flora has shown that up to 95% were from the Bacteroidetes, Clostridium 
coccoides (cluster XIVa of the Clostridiaceae) and Clostridium leptum groups [11, 51]. 
Analyses of human gut microbiome diversity have mostly been limited to studies with limited 
subjects and/or sampling sites [2, 7, 47, 52, 53]. One such study utilised a culture-independent 
approach for analysis of ribosomal RNA sequences from human mucosal and faecal samples 
from 3 subjects. Using dissimilarity matrices and the DOTUR program with a 99% minimum 
similarity threshold for defining phylotypes, 395 bacterial phylotypes were identified, of which 
an estimated 80% of sequences were from strains yet to be cultivated and 62% were 
sequences defined as “novel” species according to the threshold employed [2].  
All three domains of life are represented in the human gastrointestinal tract with the majority 
comprised of members of the domain Bacteria. However, extremely low diversity is observed 
at the division level with only 8 of the 55 currently recognized bacterial divisions strongly 
represented in the human gut microbiota [28]. This trend is similar in the gastrointestinal 
communities of most studied vertebrates, suggesting that strong, evolutionarily-conserved 
host selection occurs, facilitated by the fundamental characteristics and constraints of the gut 
environment on microbial colonisation [54].  
The Cytophaga-Flavobacterium-Bacteroides and Firmicutes (low G+C Gram-positives) 
constitute 60% of bacteria detected from faeces and the mucosal lining of the intestinal 
epithelium [1]. However, immense diversity exists at the species and strain level, and studies 
sampling the colonic microbial community have shown that over half of the sequences were 
only sampled once (Figure 1.2) [2, 28]. More recently, several large-scale studies of 
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metagenomic profiles from up to 242 individuals have confirmed that the majority of diversity 
in the gut community is derived from phylogenetically shallow lineages [52, 52a]. 
                                
FIGURE 1.2 Diversity in the gut community compared to other microbial ecosystems. The gut 
community has comparatively few phyla (85% ID) but it demonstrates high diversity at the species and 
strain level (> 97% ID, shaded region). [Diagram adapted from Ley et al. 2006 [28]] 
 
The presence of tight clusters of closely-related groups suggests the existence of functional 
redundancy within the gut microbiome. Host-driven selection is thought to result in a 
homogenized microbial community composed of organisms with genomes different enough to 
populate separate niches without direct competition, yet closely enough related  to offer the 
functional redundancy necessary for ecological stability and resilience to perturbation [5].  
Gut community composition is known to differ between individuals and this gives rise to 
phenotypic differences between hosts of the same species. These phenotype differences 
include host health and disease states - for example, increase in the Firmicutes:Bacteroidetes 
ratio has been associated with a greater propensity of the host to demonstrate an obese 
phenotype [6, 55]. Identifying factors determining the gut community structure and the effect 
of community composition on host health outcomes will facilitate therapeutic modulation of 
the gut community to promote a healthy host phenotype. 
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1.2.4 Factors determining initial colonization 
 
In addition to environmental factors in early life mentioned above, there are a multitude of 
host and microbial factors influencing composition of the gut community. On the host side, 
genetic determinants, basic anatomy, habitat and dietary habits have varying degrees of 
influence on gut community composition. Analysis of microbiota from humans and related 
primates has identified distinct species-specific microbial community profiles [56, 57]. 
Transplantation of conventional gut microbiota between zebrafish and mice showed that 
while community lineages were retained, recipient hosts appeared to significantly alter the 
relative abundances of transferred taxa to resemble the structure of their native bacterial 
communities [58]. This indicates the effect of host-driven selection on microbial composition 
in the gut, although it is difficult to determine whether this arises from host genetics, 
anatomy, habitat or diet. 
Pyrosequencing analysis of a cohort of 645 mice from a mouse advanced intercross line 
identified 64 taxonomic groups conserved across the majority of animals surveyed, defined as 
the core measurable microbiota (CMM). Quantitative variations in these taxa were found to 
cosegregate with host genomic markers, with individual host genotype significantly influencing 
composition of the gut microbiota [59]. Twin studies also support host genetics as an 
important determinant, in addition to a strong influence of environmental exposure during 
early life on microbiota in adulthood [60]. Previous work in newborn chickens has also shown 
that exposure to different bacterial communities in early life influences development of 
distinct microbiota as the host matures [61]. 
Relocation studies and uterine implantation have shown the impact of the environment on 
mouse gut microbiota. Metabolite profiling in genetically identical rats has shown that 
environmental changes can alter urinary metabolite profiles in a stable and persistent fashion 
Chapter 1: The Mammalian Gut Microbial Community 10 
 
[62]. Isogenic adult mice reared in different locations show environment-specific differences in 
the gut community composition [63]. Pig studies also show that distinct gut community 
outcomes are associated with differences in housing environments [64].  
Components of the host immune system such as antimicrobial α-defensin secretion from 
intestinal Paneth cells are known to be capable of changing community composition [65]. 
Alteration of α-defensin expression changes the bacterial composition, likely in response to 
changes in the mucosal immune response [66]. Induction of host secretory IgA by gut 
commensals is also thought to allow host modulation of gut microbiota composition but the 
manner in which this is accomplished is not well established [67]. 
Availability of nutrients is also an important determinant of community structure. In particular, 
a wide variety of glycans are introduced to the gut from both plant and animal dietary sources 
and host mucosal secretions. Glycans resistant to digestion by host enzymes represent an 
important source of nutrition for gut microbes via fermentative processes. 
Breast milk contains hundreds of glycan structures and human milk oligosaccharides (HMOs) 
resistant to host enzymes. The ingestion of breast milk is thought to select for bacterial species 
capable of degrading these HMOs, potentially allowing maternal influence on the developing 
gut community composition in offspring [68-70]. This promotes a smooth transition in the 
infant gut post-weaning, during which complex plant glycans are introduced, with shifts in the 
community towards groups such as Bacteroidetes, Firmicutes and Actinobacteria [23, 71, 72]. 
Dietary fibre intake was also confirmed to have an impact on gut microbiota composition in 
studies of African and European children - the predominantly vegetarian, fibre-rich diet in 
African children selected for specific fibre-degrading species [73].  
In addition to dietary sources, host production of glycans is capable of influencing gut 
community composition by selecting for glycan degraders. Colonization by B. thetaiotaomicron 
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induces glycan fucosylation on the host epithelial cell surface. B. thetaiotaomicron then 
responds by expressing genes involved in fucose metabolism, selecting against microbes 
unable to partake in this nutrient exchange [31]. In addition to surface sugars, gut microbes 
are known to be capable of degrading shed host epithelial cells and mucus secretions. These 
host secretions may allow the host to select for microbes capable of degrading host secretions 
by providing an alternative nutrient source, particularly in dietary glycan limitation. In 
addition, mucin-degraders selected for in this manner may potentially benefit host health by 
preventing pathogen colonisation and promoting colonocyte health by SCFA production [74]. 
 
 
1.3 Influence of the Gut Microbial Community on Host 
Development and Health 
 
Microbial populations in the gut form a complex community with high metabolic activity. 
Various metabolites are produced as a result of microbial fermentation along with a wide 
variety of bacterial molecules capable of signalling host developmental changes and 
modulating the host immune system (Figure 1.3).  
Microbial activity in the gut is known to greatly influence host development and phenotype in 
both health and disease, with overlap existing between the two (Figure 1.4). For instance, 
while energy harvesting by the gut microbiota contributes to host metabolism and energy 
extraction from dietary nutrients, it is also implicated in the development of metabolic 
diseases such as obesity and diabetes [6, 55, 75]. Further knowledge on both these aspects will 
allow us to understand the role of the gut microbiota structure on host health and 
development. 
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FIGURE 1.3 Influence of the gut microbiota on host health and development. Microbial energy 
harvest and signalling molecules strongly impact host behaviour and metabolism. Interactions between 
microbe and host are able to initiate host developmental pathways as well as modulate host immune 
responses. 
 
                                   
FIGURE 1.4 Microbial activity in the gut is implicated in both host health and disease. Products 
of bacterial metabolism and bacterial signalling molecules greatly influence host health and 
development as well as disease states such as obesity and inflammatory gut conditions. 
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1.3.1 Host health and development 
 
Gut microbes are known to exert a strong influence on host health and studies with germ-free 
animals (gnotobionts) have clearly established that different community structures are 
associated with different host outcomes. The presence of microbes has been shown to greatly 
influence postnatal development of host intestinal structures and immune system [1]. There 
are multiple mechanisms by which the gut microbiota are able to influence host health and 
development, with various effects ranging from regulation of postnatal maturation of host 
structures to modulation of host immune responses. These outcomes of microbial colonisation 
on host health and development are summarised in Table 1.1. 
Colonization of gnotobionts with individual strains or mixtures of microbes has been shown to 
be capable of correcting arrested developmental pathways and immunological imbalances. 
However, some studies have shown that reconstitution of germ-free mice with conventional 
flora is only effective in neonate mice [100]. This indicates that the neonatal period represents 
a crucial stage during which interactions between the gut community and the host profoundly 
impacts host development and health outcomes. As such, there is a need to identify drivers of 
colonisation outcomes in early life, in particular, host and microbial signals capable of inducing 
responses on both sides, influencing the developing gut community structure and determining 
the onset of stability.  
In the mature host, the gut community structure maintains a strong influence on host 
metabolism and immunomodulation, with community structure differences associated with 
different host health phenotypes (Table 1.2). Understanding of factors determining gut 
community composition in adulthood as well as those capable of modulating the existing 
structure is crucial for therapeutic management of host health outcomes. 
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TABLE 1.1 Effects of microbial colonisation on host health and development. 
Effect of Microbial Colonisation on Host Health and Development Reference 
   Mucosal Immune System Development 
 
 
Expansion of IgA-secreting plasma cells [76-79] 
 
Increased IgA secretion [80, 81] 
 
Diversification and expansion of preimmune immunoglobulin repertoire [82] 
 
Expansion of intraepithelial lymphocyte populations [83-86] 
 
Expansion and maturation of intestinal lymphoid tissue [81, 87-91] 
   Systemic Immune Development 
 
 
Differentiation of effector T helper 1 (TH1), TH2 and TH17 cells [91-93] 
 
Development of regulatory T (TReg) cells [93, 94] 
 
Increase in total CD4+ T cell count [95] 
 
Increase in immunoglobulins [96, 97] 
 
Somatic diversification of the primary antibody repertoire [98] 
 
Development of tolerance to invariant natural killer T (iNKT) cells  [99] 
 
Increase in systemic tolerance to oral antigens, regulation of atopic response [100-102] 
   Intestinal Architecture and Morphology 
 
 
Increased intestinal angiogenesis [103] 
 
Increased epithelial cell turnover [104] 
 
Increase in total intestinal mass [105] 
 
Increase in intestinal surface area [106] 
 
Paneth cell differentiation [107] 
 
Alteration of villi morphology [108] 
 
Regulation of intestinal motility [109] 
 
Maintenance of intestinal barrier integrity [110, 111] 
 
Changes to intestinal epithelial gene expression [32] 
   Host Metabolism and Physiology 
 
 
Increase in basal metabolic rate [112] 
 
Increase in cardiac output and total blood volume [113] 
 
Lipid metabolism and energy harvest [6, 12, 13] 
 
Cholesterol metabolism [114] 
 
Degradation of mucus glycoproteins [115] 
 
Degradation of proteins [116-118] 
 
Deconjugation and dehydroxylation of bile acids [119] 
 
Modulates glucose metabolism [120] 
 
Stimulates leptin production in adipocytes [121] 
 
Production of host-utilised metabolites [111, 121-123] 
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1.3.2 Health vs disease states 
 
The presence of gut bacteria has been shown to be essential for development of inflammatory 
diseases in animal models [124-127]. Gut community structure differences are observable 
between patients with inflammatory disease and healthy controls, and even between patients 
demonstrating mild, moderate and severe disease phenotypes [128]. Attempts to identify 
specific pathogens responsible for inflammatory diseases of the gut have been inconclusive 
and it is becoming apparent that the outcome of host-microbiota interactions cannot be fully 
predicted without considering the community as a whole [129].  
Several studies have shown that the gut microbial community directly influences disease 
development in the host. Germ-free mice are known to display resistance to diet-induced 
obesity, although dietary constituents are also known to influence development of diet-
induced obesity [130, 130a]. In addition, inoculation of germ-free mice with gut bacteria from 
obese mice was shown to be capable of transferring the obesogenic phenotype [130, 131]. 
Transfer of colitis-associated microbiota to germfree mice was also found to be sufficient for 
transfer of disease phenotypes [132]. Gnotobiotic IL-10 deficient mice inoculated with both 
non-pathogenic Enterococcus faecalis and Escherichia coli developed more severe colitis 
compared to monoassociation [133]. This implies that the additive action of different 
combinations of commensal species may produce different degrees of disease aggression, 
contributing to the wide range of disease phenotypes and inconsistencies in response to 
treatment often observed in patients. 
Understanding the relationship between the gut community and inflammatory disease first 
requires understanding of how disease-associated community structures arise, and how they 
differ from the healthy gut microbiota.  
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In a healthy individual, interactions between microbes in the gut and the host immune system 
maintain homeostasis in the gut ecosystem. However disruption of the balance between the 
gut community and host immune response may lead to dysbiosis in the gut, defined as a 
skewing of the balance in the gut from benign commensals towards a disease-prone 
phenotype. The pre-existing gut community structure may also predispose the host to 
development of inflammatory diseases of the gut due to aberrant interactions with the host 
immune system and/or invasive microbial action (Figure 1.5). An alternative view suggests that 
genetic predisposition to disease may be traced to a genetic predisposition to abnormal 
patterns of microbial colonization resulting in disease development. 
 
FIGURE 1.5 Pathways leading to dysbiosis of the gut. Gut community development occurs from 
birth before stabilisation into an adult structure. Disturbances to a healthy gut community may lead to 
dysbiosis if the community is unable to recover to a healthy steady state. Alternatively, the pre-existing 
community structure may predispose the host to dysbiosis and development of inflammatory diseases. 
 
Chapter 1: The Mammalian Gut Microbial Community 17 
 
TABLE 1.2 Changes in the host gut microbiota associated with diseases. 
Change in Gut Microbiota (compared to healthy controls) Reference 
   Inflammatory Bowel Disease (general/unspecified) 
 
 
Reduced Firmicutes and Bacteroidetes diversity [134-136] 
 
Increased abundance of pro-inflammatory species  [137-141] 
 
High concentrations of bacteria in gut mucosa [142] 
   Crohn's Disease 
 
 
Reduced Firmicutes abundance and diversity [46, 143, 144] 
 
Increase in Proteobacteria, Bacteroidetes abundance [143] 
 
High concentrations of bacteria in gut mucosa [137] 
   Ulcerative Colitis 
 
 
Reduced Firmicutes abundance [144] 
 
High concentrations of bacteria in gut mucosa [142] 
   Obesity 
 
 
Change in Firmicutes:Bacteroidetes ratio [145, 146] 
   Clostridium difficile-associated diarrhoea 
 
 
Increase in opportunistic Clostridium difficile  [147] 
   Aging/Frailty 
 
 
Reduced microbial diversity [148] 
 
High interindividual variation [148] 
    
Broadly speaking, common hallmarks of a pro-inflammatory gut microbiota structure appear 
to include reduced diversity, increased relative abundance of inflammation-associated 
microbial groups and bacterial penetration into the gut mucosa. Changes in gut microbial 
structure observed to correlate with inflammatory diseases are summarised in Table 1.2. 
Several mechanisms of action have been implicated in development of inflammation with 
relation to the gut community. In obesity, differences between lean and obese mouse gut 
microbiota are thought to relate to differences in dietary energy extraction and lipogenesis 
[55, 149]. The loss of Gram-positive anaerobes and increase in Gram-negative bacteria such as 
Porphyromonadaceae increases host exposure to lipopolysaccharides (LPS) from the bacterial 
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outer membrane, inducing low-grade chronic inflammation and insulin resistance [150-153]. 
Changes in Firmicutes:Bacteroidetes ratio have also been implicated in obesity with some 
studies indicating an increase in Firmicutes associated with obesity [55, 145, 146], while others 
demonstrate a shift towards Bacteroidetes [153a] or no change in relative counts [371]. An 
alternative view suggests that rather than the Firmicutes:Bacteroidetes, it is the amount of 
SCFA produced that influences obesity and gut permeability associated with inflammation. 
Changes in concentration and proportions of individual SCFA are known to correlate to shifts 
in the microbial community [371, 371a]. In addition, studies have shown that although 
Firmicutes:Bacteroidetes ratio remained the same in weight loss, amounts of SCFA produced 
were higher in obese individuals [371, 371b, 371c].  
High concentrations of bacteria in the gut mucosa are commonly observed in inflammatory 
gut diseases [137, 142]. This suggests the breakdown of gut barrier function in inflammatory 
disease, allowing translocation of gut bacteria through the gut epithelium and resulting in host 
inflammatory responses (Figure 1.6). Decreases in SCFA levels and butyrate-producing strains 
are suggested to contribute to disease onset by disrupting interactions between commensals 
and host epithelial cells [153-155].  
FIGURE 1.6 Comparison of a healthy vs colitic gut showing increased penetration of luminal and 
mucus-associated bacteria into the gut epithelium in the disease state. In the healthy gut, the inner 
mucin layer is tightly stratified and prevents penetration of luminal and mucus-associated bacteria. In 
comparison, colitic guts demonstrate penetration of the gut epithelium by both commensals and 
colitogenic bacteria, destruction of the mucus layer and gut epithelial cells, and excessive induction of 
inflammatory responses in the underlying components of the host mucosal immune system. 
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Disruption of the gut community with antibiotic treatment may also lead to blooms of 
opportunistic pathogens, such as in Clostridium difficile-associated diarrhoea. CDAD greatly 
alters the gut community composition, resulting in metabolic conditions promoting growth of 
pathogenic microorganisms and host inflammatory responses [147].  
                    
FIGURE 1.7 Development of disease is highly contextual and dependent on environmental, 
microbial and host factors. Any one or a combination of factors may be responsible for development of 
disease in the host. 
 
Many studies have attempted to correlate changes in the gut microbiota with development of 
autoimmune or inflammatory diseases. However, it appears that disease phenotype is largely 
contextual and any one or a combination of environmental [73, 73a], host and microbial 
factors can come together to result in disease in the host (Figure 1.7).  
Early exposure to microbes and allergens appears to be a protective factor in inflammatory 
and autoimmune disease [156]. It is hypothesised that decreasing exposure to infectious 
agents during infancy impacts development of adaptive immune responses and 
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immunoregulation, producing a lack of tolerance to otherwise harmless antigens inhaled or 
ingested from food [157, 158].  
Host factors may also contribute to development of gut microbiota-associated disease. 
Excessive immune responses or breakdown in the mucosal barrier may induce 
disproportionate inflammatory responses, leading to cell damage and death. A bacterium 
beneficial to an immunocompetent host has the potential to become pathogenic in disease-
prone hosts or those with weakened immune systems [159, 160]. Intestinal inflammation can 
also be caused by otherwise harmless members of the gut community in individuals who lack 
efficient intestinal immunoregulation or humoral responses [161-163].  
The complexity of the gut microbiota structure and the great variation observed between 
individuals makes it extremely difficult to assign a discrete cause-and-effect relationship 
between environmental factors, the gut microbiota structure, host immune responses and 
development of inflammatory disease. Despite these challenges, it is clear that the 
composition of the gut microbiota strongly factors in to disease development and severity. 
Understanding constraints placed by the host on gut microbial colonisation and host-microbe 
interactions that allow stable maintenance of the existing gut community structure will allow 
us to explore methods of modulating the gut community structure for host health outcomes. 
 
1.4 Maintaining Homeostasis in the Gut 
 
Various mechanisms exist by which the host gastrointestinal tract exists in homeostasis with 
resident bacteria, maintaining a gut community structure that is both stable over time and 
resistant to change. Successful modulation of gut microbiota in the long-term for disease 
prevention or treatment first requires understanding components of the host gastrointestinal 
architecture controlling colonisation outcomes and maintenance of the existing gut 
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community structure. The first step to maintaining homeostasis in the gut environment is 
avoiding interactions that may lead to change. The intestinal immune system plays an 
important role in preventing disruption of homeostasis by controlling the exposure of host 
tissue to bacteria, responding to pathogen infection and maintaining tolerance to 
commensals. 
1.4.1 Compartmentalisation of gut bacteria 
Several structures in the gut assist in compartmentalisation of bacteria within the gut lumen 
and prevention of bacterial penetration through the gut mucosal layer. Intestinal epithelial 
cells (IECs) form a physical barrier preventing penetration of luminal microbes while allowing 
uptake of nutrients. IECs also recognize microbe-associated molecular patterns (MAMPs) and 
respond by initiating signalling cascades [164].  
Paneth cells in the gut epithelium secrete effector molecules with broad-spectrum 
antimicrobial activity such as α-defensins, lysozyme and RegIIIγ [165-169]. These molecules 
travel to the mucus layer and contribute to the innate barrier against microbial penetration 
[165, 170, 171]. Reduction in Paneth cells results in increased bacterial penetration into the 
gut epithelia, disrupted intestinal homeostasis and changes in community composition [172].  
At the epithelial surface, intercellular tight junctions and microvillar extensions form a brush 
border that prevents bacterial attachment and translocation [173]. Mucin glycoproteins 
secreted by goblet cells form a thick coating that provides a physical barrier separating 
intestinal bacteria and the epithelium. Microbes trapped in the mucus layer are expelled by 
peristaltic action and proteolytic enzymes aid digestion and attenuation of immunogenic 
polypeptides [174].  An inner tightly stratified mucus layer excludes and prevents penetration 
of bacteria into the gut epithelium [16]. In comparison, the outer mucus layer is loosely 
arranged and populated with bacteria. Defects in this barrier lead to immune activation and 
chronic mucosal inflammation [175, 176].  
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Organisms that breach the epithelial cell barrier are typically phagocytosed and eliminated by 
macrophages in the lamina propria (LP) [177]. Intraepithelial lymphocytes (IELs) also assist in 
clearing intracellular pathogens and can respond directly to bacterial antigens without antigen 
presentation [178, 179].  
1.4.2 Antigen sampling and lymphocyte differentiation 
In addition to physical and chemical barriers to microbial penetration, the host actively 
samples the lumen environment using cells specialised for luminal antigen uptake (Figure 1.8). 
Microfold (M) cells and dendritic cells (DCs) facilitate the endocytosis and transfer of ligand-
coated particles, macromolecules and viruses to the gut-associated lymphoid tissue (GALT) 
[180, 181]. Expression of tight junction proteins maintains epithelial barrier integrity while 
direct antigen sampling occurs [182, 183]. Unique surface glycosylation patterns are thought 
to enhance M cell interaction and endocytosis of antigens [181].  
FIGURE 1.8 Components of the gut-associated lymphoid tissue (GALT) involved in antigen 
recognition and uptake. Microfold (M) cells in the follicle-associated epithelia (FAE) allow sampling of 
luminal antigens and processing by dendritic cells and macrophages. Induction of adaptive B and T cell 
responses occur, resulting in Treg induction and differentiation of B cells into IgA-producing plasma cells 
in the mesenteric lymph nodes (MLN). Secretory IgA (sIgA) is transcytosed into the gut lumen and binds 
antigens and commensals for further sampling, allowing maintenance of homeostatic balance between 
the host immune system and commensal microbes. 
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In the mesenteric lymph nodes (MLNs), antigen presentation induces differentiation of B cells 
into immunoglobulin A (IgA)-secreting plasma cells which are then redistributed back to the 
gut vascular endothelium [184-186]. IgA secreted by these cells are transcytosed across the 
epithelium as secretory IgA (sIgA) and go on to bind to luminal bacteria, preventing microbial 
translocation across the epithelial barrier and neutralizing bacterial lipopolysaccharides [80, 
172, 184, 185, 187]. Mice lacking IgA exhibit priming of serum IgG reponses against 
commensals, indicating exposure of the systemic immune system to commensals [187]. IgA 
coating of commensals may also facilitate bacterial uptake by M cells expressing IgA receptors 
[188-190]. IgA is also believed to remove subepithelial antigens by binding them during 
transport from the basolateral to luminal surface [191]. 
Antigen presentation also initiates differentiation of T cells in the LP [164]. Effector T (TEff) cells 
such as TH1 and TH2 cells mediate inflammatory responses through secretion of chemokines 
[192]. Conversely, regulatory T (TReg) cells are involved in suppressing effector responses and 
maintaining tolerance to commensals [164, 174, 193, 194]. The balance between effector and 
regulatory T cell subsets is crucial to maintaining intestinal immune homeostasis. TReg cells are 
well known suppressors of autoreactive T cells and have been shown to suppress 
inflammatory diseases in various disease models such as IBD, arthritis, diabetes and bacterial-
induced colitis [195-201]. TReg deficiencies and T-cell imbalances have been associated with 
severe intestinal inflammation and loss of epithelial barrier integrity [202-208]. 
1.4.3 Recognition and tolerance of commensal bacteria 
The components of the host mucosal immune system described above work in concert to 
prevent disruption of intestinal homeostasis. However, the immune system must still maintain 
a balance between tolerance of commensals and the ability to respond effectively to pathogen 
invasion. M cells responsible for sampling luminal antigens have been shown capable of 
discriminating between different commensals and modify the host immune response 
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accordingly [209]. In addition, compartmentalisation of mucosal immune induction in the 
MLNs prevents systemic response to commensals [80].  
Toll-like receptors (TLRs) expressed by DCs and macrophages recognise microbes penetrating 
the gut epithelial barrier, allowing initiation of immune responses [210, 211]. TLRs appear to 
be able to discriminate between commensals and pathogens, with contact time thought to be 
a key factor as prolonged presence of specific bacterial antigens results in hyporesponsiveness 
but short-term LPS stimulation induces proinflammatory signalling cascades [212]. 
Recognition and tolerance of commensals also appears to be facilitated by IgA-binding. 
Healthy individuals are known to have circulating IgA antibodies against commensal bacteria, 
and IgA-binding does not necessarily result in removal of targeted populations from the host 
[213-215]. Instead, IgA-binding is known to downregulate pro-inflammatory surface antigens, 
preventing activation of the mucosal immune system and promoting commensal tolerance 
[28, 216]. However, the method by which IgA differentiates between commensals and 
pathogens remains unknown.  
The components of the immune system architecture described above exert physical and 
chemical constraints on microbial colonisation in the gut and provide points at which 
regulatory controls required for homeostasis occur. Modulation of the gut community 
structure for therapeutic purposes must first overcome the inherent stability of the existing 
adult gut community structure in order to propagate stably and benefit the host in the long-
term. 
 
 
 
Chapter 1: The Mammalian Gut Microbial Community 25 
 
1.5 Management of Gastrointestinal Health Outcomes 
Understanding the interaction between host, environment and microbes and how these 
factors influence gut microbial composition is essential, considering the profound influence of 
gut microbiota on human development, disease susceptibility and drug treatment outcomes. 
Broadly speaking, two issues need to be defined. Firstly, what constitutes a “healthy” gut 
microbiota, and secondly, how the community structure can be manipulated into this 
“healthy” state. 
 
1.5.1 Identifying markers of a healthy gut community 
 
Although the gut microbial community is known to have a profound impact on host health, the 
high interindividual variation that exists even between healthy hosts prevents a precise 
definition of exactly what characteristics constitute a healthy gut community structure. 
Individual bacterial populations have been correlated to positive health outcomes, generally 
by comparison of healthy controls to diseased hosts. For example, Lachnospiraceae (cluster 
XIVa of the Clostridiaceae) has been implicated in maintenance of gut health and homeostasis, 
as well as cancer prevention [123, 136, 217-221]. Akkermansia and Faecalibacterium 
prausnitzii, both of which colonise the gut mucus layer and are capable of mucin degradation, 
are known to be inversely correlated with inflammatory diseases of the gut [60, 222, 223]. 
However, it is increasingly apparent that although the presence of specific groups may have 
beneficial outcomes for the host, the community as a whole needs to be considered when 
defining a healthy gut microbiome.  
The first problem lies in defining what represents a healthy gut community structure. One 
aspect is the stability of the ecosystem – the ability to resist change in response to stressors, 
and to recover to a steady-state after perturbation. Several studies have attempted to identify 
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the “core” gut microbiota, here defined as a set of operational taxonomic units (OTUs) shared 
across the majority of gut microbiomes sampled. Analysis of 16S rRNA sequences from faecal 
samples of 154 individuals identified a set of core microbial genes shared between the sample 
set, variations in which were associated with obesity [224]. A previous microarray approach 
observed a universal core microbiota at 90% sequence similarity composed of species within 
the phyla Actinobacteria, Bacteroidetes and Firmicutes. Clostridium cluster XIVa was identified 
as the most frequent core phylogroup in humans [49]. Several other studies have supported 
this finding with a variety of techniques such as pyrosequencing and Human Intestinal Tract 
(HIT) Chip analysis [225, 226].   
However, the stochastic nature of gut microbiota acquisition means that extensive 
interindividual variability exists. Substantial differences are observed in mouse gut community 
composition even between littermates raised in the same environment [145, 227]. In humans, 
70% of the individual microbiota phylotypes are individual-specific and no phylotype has been 
found to be present at over 0.5% abundance in all subjects [228]. In addition, definition of a 
core microbiome is dependent on the threshold and inclusion criteria used which often differs 
between studies. Differences in relative abundance are also known to vary significantly 
between individuals and should also be considered, rather than just taxonomic definition [52]. 
It appears that the complexity of the gut microbiota structure is too high to allow 
characterisation of a healthy community structure simply by a defined set of microbial 
populations.  
Another concept for defining the gut microbiota proposes the existence of gut enterotypes – 
major bacterial networks conserved between individuals. Arumugam et al. identified three 
distinct clusters of microbial taxonomic groups in humans using multidimensional cluster 
analysis and principal component analysis (PCA). These enterotypes were found to be 
independent of gender, host nation or continent. The first enterotype clustered Bacteroides 
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with groups such as Parabacteroides, appearing to be driven by ability to degrade 
carbohydrates and proteins. The second enterotype appeared driven by mucin degrading 
capability and was characterised by Prevotella and Desulfovibrio. The third enterotype also 
included mucin degrading Ruminococcus and Akkermansia, showing enrichment in membrane 
transporters [229]. However, enterotype boundaries are not well-defined and potentially shift 
according to long-term dietary habits [230]. The implications of these enterotypes for health 
outcomes also remain unclear and further research is required to determine if these represent 
a meaningful definition of a healthy gut microbiota structure. 
An alternative approach is definition of a functional core microbiome – clusters of genes 
shared by individuals encoding for specific metabolic functions. This definition allows for wide 
variation in the composition of the gut microbiota, while maintaining a core set of functional 
genes [231]. In this manner, a set of marker genes could potentially be associated to positive 
host health outcomes. Further application of metaproteomics and metatranscriptomics is 
required to fully elucidate the functional capacity of the gut microbiota. The proposed 
existence of functional redundancy in the gut aligns with this concept, and may explain the 
stability and resilience of the gut microbiota structure to change, a known feature and 
suggested hallmark of a healthy gut [5, 47, 231, 232]. However, populations with similar 
functions within a community may still show variations in terms of substrate preferences and 
affinities, growth rates and yields, and other homeostatic functions. These variations are 
expected to differentially impact the shape of the community, suggesting that a degree of 
plasticity exists within the gut community structure. Other studies also support this notion, 
indicating scope for manipulation of community composition and health outcomes [233-235]. 
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1.5.2 Therapeutic manipulation of the gut community   
 
The idea of manipulating the gut microbiota to benefit human health was first proposed in 
1908 [236]. In the most direct form, identifying pathogenic species and ingestion of antibiotics 
has been used to modify microbiota composition for decades. However, treatment of 
inflammatory diseases of the gut with antibiotics has yielded controversial results. 
Improvements observed in patients with CD and pouchitis were not seen in UC [237-240]. 
Depletion of resident microbiota through antibiotic use also runs the risk of Clostridium 
difficile infection and CDAD [241]. 
Another method is identifying potentially beneficial species and ingesting them as probiotics 
or ingesting prebiotic dietary supplements intended to promote their growth. Probiotics is 
defined as living bacteria consumed in known numbers as a food supplement that confers 
specific health benefits beyond those obtained via basic nutrition [242]. Various studies have 
tested correlations between probiotic ingestion and amelioration of disease states like colitis 
and CD [243-245]. Purported mechanisms of action are through competition, production of 
antimicrobials, modulation of epithelia and immunity [243, 246-248]. However, probiotics do 
not necessarily colonise the gut and any changes observed may be transient.  
Prebiotics are non-digestible food constituents such as fibre or oligosaccharides which 
selectively stimulate growth or activity of a restricted number of beneficial bacteria in the 
colon [249]. Although evidence exists in favour of pro- and prebiotic use, the majority comes 
from animal studies and there is limited evidence that intake of either probiotics or prebiotics 
will aid remission or protect against IBD development in humans [250-253]. 
Modifying the gut community composition by introducing an uncharacterised microbiota 
complement from a healthy donor is another therapeutic method that has been tested. 
Patients with depleted microbiota after antibiotic treatment are susceptible to CDAD due to 
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the lack of pathogen-inhibiting commensals. Patients with recurrent CDAD show marked 
disruption of the gut microbiota. Faecal transplantation from a healthy donor was shown to 
promptly resolve CDAD symptoms such as colitis and diarrhoea. Metagenomic analysis 
determined that donor communities successfully colonised the recipient gut in a dominant 
and persistent manner, suggesting reconstitution of the gut organ ecosystem [254].   
Faecal bacteriotherapy has been shown to be 92% effective in preventing CDAD relapse in 
patients with recurrent CDAD [255]. However, additional factors in the new host such as 
genetics, physiology and mucosal immunity are expected to exert a considerable influence on 
the transplanted microbiota composition and there remains much to be understood regarding 
changes in the transplanted community over time. 
While internal factors such as host genotype play an important role in determining the gut 
community outcome, external factors such as environment and diet are equally influential.  
Although traditionally thought of as relatively stable throughout adulthood, intestinal 
microbiota dynamics show a high degree of plasticity in response to diet [230, 233, 256, 257]. 
Host diet exerts a fundamental impact on gut microbial colonisation and any sustained 
modification of the gut microbiota is intricately linked to host long-term dietary patterns [73, 
230]. The majority of current efforts are centred on dietary changes aimed at shifting 
community structure and metabolic activity in the gut.  
Variation in microbial ability to use specific substrates allows prediction of competitive 
outcomes between gut microbial populations [258, 259]. A main driver of change is the 
macronutrient intake of the host, in particular the type of fermentable carbohydrate ingested 
[256, 257, 260]. Non-starch dietary glycans are resistant to digestion and absorption by the 
host, so changes in intake are likely to strongly influence the gut microbiota composition 
[261]. Analysis of human faecal communities identified taxonomic clusters strongly associated 
with intake of each macronutrient type. Bacteroides abundance has been shown to increase 
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with protein and fat intake while carbohydrate intake was linked to Prevotella abundance 
[230]. Erysipelotrichaceae in particular are known to shift abundance in response to changes in 
dietary fat intake, increasing in mice fed a high-fat diet and decreasing when mice were 
switched to normal chow [131, 262]. Despite this, the significance of the relative abundances 
of these groups in the gut with regards to host health, and their cause-and-effect relationship 
with disease development, requires further examination.  
Substrate composition is not the only factor to be considered in dietary interventions – diet 
duration is also important. Analysis of patients placed on a high-fat/low-fibre or low-fat/high-
fibre diet detected changes in microbiota composition within 24 hrs, but enterotype identity 
remained stable in patients during the 10 day study duration [230]. Short-term diets do not 
appear capable of overcoming inter-individual variation and altering the core microbiota 
observed. This suggests that while a subset of the microbiota does respond to short-term 
diets, long-term dietary intervention is required to shift the structure of the host gut 
microbiota. A recent study demonstrating prevention of high fat diet-induced metabolic 
syndrome in mice by time-restricted feeding [263] suggests that altering dietary intake pattern 
may be a viable alternative modulating dietary macronutrient composition. 
While macronutrient composition and feeding cycles are known to impact the gut microbiota 
composition, an equally important factor to consider is the fact that changes are also 
dependent on the initial individual microbiota [256]. This indicates that the outcome of dietary 
treatment is individual-dependent, indicating the need for personalised diagnoses and 
therapeutic interventions for manipulation of gut microbial composition. Comprehensive 
study of the changes in gut microbiota influenced by dietary modulation, as well as greater 
understanding of desirable characteristics of the gut microbiota structure is required before 
intervention therapies can be successfully targeted to the individual host. 
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1.6 Project Aims 
 
Considering the long-term impact of gut microbiota on host development and health 
outcomes, it is important to understand factors influencing initial acquisition and sustained 
composition of the gut microbial community. Successful manipulation of the gut community 
composition towards a positive outcome requires understanding of the desired microbiota 
and factors involved in acquisition, selection and maintenance of these groups (Figure 1.9). 
 
FIGURE 1.9 Further understanding is required for management of the gut community structure 
and health outcomes in early life and adulthood. Understanding factors in early life influencing 
development of the gut community allows preventative measures to be taken at this stage. In a healthy 
state, understanding homeostatic balances between the host and commensal microbes allows 
maintenance of the stable gut community structure, protecting against pathogen invasion and 
inflammatory responses. In disease states, knowledge of factors capable of modifying the gut 
community structure allows therapeutic interventions aimed at correcting dysbiosis and promoting a 
healthy gut community. 
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Factors encountered in early life are known to have a major long-lasting influence on the host 
phenotype. The first aim in this thesis was to examine changes in the gut microbial community 
composition during neonatal development and identify microbial factors contributing to 
development of the stable adult community structure (Chapter 3). Ecological succession of the 
gut community was examined in neonate piglets using denaturing gradient gel electrophoresis 
(DGGE). By comparing community profiles from birth to 5 weeks of age, important stages in 
colonisation and community dynamics were determined.  
Suppressive subtraction hybridisation (SSH) was then used to fractionate communities on a 
temporal basis, allowing us to identify differentially represented communities at different 
stages of microbial colonisation. This method of selective sampling allows identification of 
preferentially removed or retained microbial groups in the gut community of neonate pigs on 
development of the stable adult community structure. Key microbial genes potentially 
involved in host-microbe signalling of gut community development in the neonate can be 
isolated in this manner. 
The effect of the host immune system on development of the adult community in neonate 
pigs was then examined (Chapter 4). Immunoglobulin A (IgA) was identified as a potential host 
factor influencing important stages in neonatal colonization of the gut. Flow cytometry was 
used to quantify proportions of IgA-bound microbial populations at different stages of 
colonisation. Magnetic separation was then used to fractionate samples in IgA-bound and non-
bound fractions before using DGGE to identify if IgA binding influences colonisation outcomes 
in the gut. The potential of IgA as a marker of gut community stability and resistance to dietary 
interventions for weight loss in humans was also examined in this section using similar 
methods as above.  
The third aim focused on determining if formed stool samples (from the colon or faeces) are 
good surrogates for tracking changes occurring in upstream gut compartments (Chapter 5). 
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Relative abundance differences were examined by comparing microbial community 
composition in mouse cecum and colon samples using pyrosequencing data and quantitative 
PCR (qPCR).  The response of cecum and colon communities to changes in dietary energy 
density and macronutrient ratio was also examined in this part of the study to analyse the 
response of the gut community to dietary changes and examine the potential for dietary 
manipulation of the gut community structure. 
The influence of dietary energy density on gut community composition was further explored in 
BALB/c mice to determine if changes in host nutritional intake represent a generic driver of 
community shift in an independent mouse model (Chapter 6). In addition, the role of host 
secretions in bacterial nutrition and population fitness was examined in relation to different 
levels of host dietary energy intake using nanoscale secondary ion mass spectrometry 
(NanoSIMS) and pyrosequencing analyses. 
As a whole, I aim to improve understanding of the dynamics and impact of the host and 
environment on infant gut microbiota development, and the role of the host immune system 
and efficiency of dietary intervention in manipulating the microbial community structure for 
beneficial host health outcomes. 
 
  
 
 
CHAPTER 2 
 
 
 
General Materials  
and Methods 
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2 General Materials and Methods 
 
General methods are outlined in this chapter. For specific methods, refer to each chapter. 
 
2.1 Materials 
 
All chemicals and reagents used were molecular biology grade, unless indicated. Chemicals 
were obtained from Sigma Aldrich (USA) and enzymes and PCR buffers were sourced from 
New England Biolabs (USA), unless otherwise stated. Dilution of all reagents was carried out 
with MilliQ water unless otherwise indicated. 
 
2.2 DNA Extraction 
 
Metagenomic DNA was extracted from faecal samples using the FastPrep system (Bio101, 
USA) as per the protocol for the FastDNA Spin Kit for soil (Bio101, USA) with modifications as 
previously described [264]. Prior to DNA extraction, 1 g of faecal sample was homogenised in 5 
ml TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5). 0.5 ml homogenised faecal sample was 
transferred to a screw-cap tube with one 5mm glass bead, 0.3 g each of 150-212 µm and 472-
600 µm acid-washed glass beads (Sigma Aldrich, USA). 780 µl 0.1 M sodium phosphate buffer 
(pH 7.0) and 122 µl MT buffer (1% SDS, 0.5% Teepol, 1% PVP40 with 10 mM Tris and 1 mM 
EDTA) was added  and the sample was processed in a Bio101 FP-120 FastPrep machine 
(Bio101, USA) for 30 seconds at a speed setting of 5.5. DNA was extracted according to 
protocol for the FastDNA Spin Kit for Soil (Bio101, USA). Cell debris was pelleted by 
centrifugation at 14 500 rpm for 5 minutes. The supernatant was collected and protein 
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precipitated with 125 µl of 7.5 M potassium acetate solution. Samples were centrifuged at 14 
500 rpm for 5 minutes to pellet proteins. The supernatant was collected and mixed with equal 
volume of binding matrix (Bio101, USA; containing glassmilk and diluted 1 in 2 with 6 M 
guanidine isothiocyanate) for 10 minutes. The matrix-bound DNA was then pelleted by 
centrifugation for 1 minute. The supernatant was discarded and the pellet resuspended with 
salt/ethanol wash solution and centrifuged for 1 minute at 14 500 rpm. The supernatant was 
discarded again and the wash step repeated. The tube was then left open at 50°C for 10 
minutes to evaporate any remaining ethanol. The pellet was then resuspended in 200 µl TE 
buffer and the sample left to stand for 1 minute. The sample was then centrifuged at 14 500 
rpm for 5 minutes. The DNA-containing supernatant was collected and DNA concentration was 
quantified using a Nanodrop 1000 (ThermoScientific, USA). Extracted DNA was stored at -20°C. 
2.3 Polymerase Chain Reaction (PCR) 
 
All PCR reactions contained the following reagents unless otherwise stated: 1X Thermopol 
buffer, 5 mM dNTPs, 12 pmoles of each primer, 1 U Taq DNA Polymerase and 10 ng faecal 
DNA. Primers used are outlined in Table 2.1 and the binding sites are shown in Figure 2.1.  
FIGURE 2.1 Location of 16S hypervariable regions and binding sites of primers used in this 
thesis. Two DGGE primer sets were used: 968-F-GC and 1401R targeting the V6-V8 hypervariable region 
of the 16S rRNA, and 357-F-GC and 518R targeting the V3 region. Group specific forward primer CT10 
was used with universal 16S reverse primer 1492R. Universal 16S primers 27F and 1492R were used 
when full-length 16S gene amplification was required. Group-specific primers used for quantitative PCR 
are in blue text. Hypervariable regions V1-V9 are shown in red, corresponding to E. coli numbering 69-
99, 137-242, 433-497, 576-682, 822-879, 986-1043, 1117-1173, 1243-1294 and 1435-1465. 
Chapter 2: General Materials and Methods 36 
 
 
 
TABLE 2.1 List of PCR primers. 
Primer Sequence (5’ to 3’) Ref Chapter Ref 
968-F-GC 
CGCCCGGGGCGCGCCCCGGGCGGGCGGG 
GGCACGGGGGGAACGCGAAGAACCTTAC 
[265] 3, 4 
1401R CGGTGTGTACAAGACCC [265] 3, 4 
357-F-GC CGCCCGGGGCGCGCCCCGGGCGGGCGGG 
GGCACGGGGGGCCT ACGGGAGGCAGCAG 
[266] 3 
518R (534R) ATTACCGCGGCTGCTGG [267] 3, S4 
27F AGAGTTTGATCMTGGCTCAG [268] 5, S1, S4 
939F TTGACGGGGGCCCGCAC - 6 
1492R TACGGYTACCTTGTTACGACTT [268] 6, S4 
M13F GTAAAACGACGGCCAG [269] 3, S4 
M13R CAGGAAACAGCTATGAC [269] 3, S4 
CT10 CACAATAAGTAATCCACC [270] 4 
357F (341F) CCTACGGGAGGCAGCAG [267] 6 
 
 
 
2.3.1 16S DGGE PCR 
 
Two primer sets were used to amplify hypervariable regions of the 16S rRNA prior to DGGE 
analysis; 968-F-GC and 1401R (targeting the V6-V8 region) or 357-F-GC and 518R (targeting the 
V3 region). Each reaction contained 20 pmoles of forward primer and 10 pmoles reverse 
primer. The program used was as follows: initial denaturation of 1 min at 94°C, then 30 cycles 
of denaturation (94°C, 30 s), annealing (56°C, 30 s) and extension (72°C, 1 min), with a final 
extension of 7 mins at 72°C. 
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2.4 Gel Analysis 
2.4.1 Agarose gel electrophoresis 
 
DNA extracted using the FastPrep system or amplified by PCR was analysed by agarose gel 
electrophoresis to confirm sample concentration and product size range. Depending on the 
expected size of the sample DNA, a 0.8 – 2% agarose gel in 0.5X TBE was used. All gels were 
run with either a 1 kb or 100 bp molecular weight marker (New England Biolabs, USA), 
depending on the expected product size. Electrophoresis was conducted in a horizontal 
electrophoresis unit with 0.5X TBE and DNA loading buffer (2.5% Ficoll 400, 0.05% w/v 
bromophenol blue). Gels were stained with ethidium bromide and visualised under UV light. 
Gel images were captured using the GelDoc system (Bio-Rad Laboratories, USA). 
 
2.4.2 Denaturing gradient gel electrophoresis 
2.4.2.1 Electrophoresis and staining  
DGGE analysis was performed using the DCode system (Bio-Rad Laboratories, USA). 
Approximately 800 ng of PCR product was loaded for each sample. Electrophoresis was 
performed using a 16 x 16 cm gel of 1 mm thickness, containing 8% (v/v) polyacrylamide 
(acrylamide:bisacrylamide 37:5:1) in 1X TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 7.4) 
and DGGE gel loading buffer (35% glycerol, 0.025% bromophenol blue, 0.025% xylene cyanol). 
A gradient of 40-70% denaturant was used to separate PCR fragments where 100% denaturant 
was defined as 7 M urea and 40% (v/v) formamide. DGGE gels were run at 80 V for 16 hrs at 
60°C.  
Following electrophoresis, gels were silver stained as described previously [274]. Briefly, two 
washes with Milli-Q water were done, followed by a 5 minute rinse in 10% ethanol and a 3 
minute rinse in 1% nitric acid. The gel was then stained with at 0.2% silver nitrate solution for 
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20 minutes in darkness. Another two washes of Milli-Q water were done before developing 
the gel in 29.2 g/L sodium carbonate and 0.05% formalin (v/v) until clear banding patterns 
were obtained. The reaction was then stopped with 3% acetic acid (v/v) before a final wash of 
10% ethanol (v/v). A gel image was taken with a high-resolution calibrated densitometer (GS-
800, Bio-Rad Laboratories, USA) using the setting for silver stained gels at the highest 
resolution setting (36.3 µm resolution). 
2.4.2.2 Fingerprint analysis 
Analysis of the digitised gel images was conducted using Quantity One (Bio-Rad Laboratories, 
USA). Background subtraction and filtering was done to remove noise and speckling in the 
image. The software was used to detect bands by normalising against total intensity data for 
each lane. Bands with a minimum density of 5% were detected in each lane. Visual checking 
and manual addition/deletion of bands was then done.  Band-matching was then done using a 
match tolerance of 2%. Clustering dendrograms were generated from the data using the 
unweighted pair group method using arithmetic averages (UPGMA). Similarity matrices were 
constructed using the Dice Coefficient, defined as:  [2j/(a+b)] x 100 ; where a is the number 
of DGGE bands in lane 1, b is the number of bands in lane 2 and j is the number of bands 
common to both lanes [275]. 
 
2.5 Suppression Subtractive Hybridisation (SSH) 
 
The flowchart in Figure 2.2 details the suppression subtractive hybridisation (SSH) method 
with steps labelled corresponding to the sections and methods detailed in the text. 
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FIGURE 2.2 Flowchart detailing the suppression subtractive hybridisation (SSH) method. Steps 
are labelled from 2.5.1 to 2.5.4 corresponding to the methods detailed in the text below. 
 
2.5.1 Restriction enzyme digestion 
An RsaI digest was set up containing 2 μg amplified DNA, 5 μl 10X RsaI Restriction Buffer (New 
England BioLabs, USA), 15 U RsaI and dH2O to 50 μl. The digest was mixed by vortexing and 
centrifuged briefly before incubation at 37°C overnight. To confirm that samples in the desired 
size range (0.1-2 kb) had been obtained, 5 μl of the digest was run out alongside 5 μl of 
undigested DNA and 0.5 μg of 2-Log DNA ladder (New England BioLabs, USA) on a 1% agarose 
gel in 0.5X TBE buffer. The gel was stained in ethidium bromide (20 mins), destained in dH2O 
(10 mins) and visualised under UV illumination. 
Following this, 2 μl of 0.2 M EDTA was added to the remaining digest volume to terminate the 
reaction. 50 μl of phenol:chloroform:isoamyl alcohol (25:24:1 v/v/v) was added and the tubes 
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were vortexed thoroughly and centrifuged at maximum speed for 10 mins to separate the 
phases. The top aqueous layer was transferred to a fresh 0.5 ml tube and 50 μl chloroform-
isoamyl alcohol (24:1 v/v) was added. The tubes were vortexed, centrifuged and the 
supernatant extracted before adding a 0.5 volume of ammonium acetate and 2.5 volumes (of 
the total resulting volume) of 95% ethanol. After thorough vortexing, the tubes were 
centrifuged at maximum speed for 20 mins to pellet the DNA. The supernatant was discarded 
and the pellets overlaid with 200 μl of 80% ethanol. After another 5 minute centrifugation, the 
supernatant was discarded and the pellets air-dried for 10 mins. The pellets were then 
dissolved in 6.5 μl Milli-Q each and stored at -20°C. 
 
2.5.2 Adaptor ligation 
The template for the PCR is created by ligation of adaptor sequences to the DNA to act as 
sample-specific priming sites (Figure 2.3). 
 
 
FIGURE 2.3 Sequence of adaptors 1 and 2 showing the nested primer sites for amplification with 
PCR Primer 1. (Figure adapted from Clontech PCR-Select™ Bacterial Genome Subtraction Kit Manual, 
Clontech Laboratories, USA). 
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The digested tester DNA was diluted 1/2 in Milli-Q and 2 μl of diluted DNA was placed in a 0.5 
ml tube together with 4 μl of 5X T4 Ligase Buffer, 800 U of T4 DNA Ligase and 40 pmoles of 
Adaptor 1 (5’-CTA ATA CGA CTC ACT ATA GGG CTC GAG CGG CCG CCC GGG CAG GT-3’). The 
reaction volume was brought up to 20 μl with Milli-Q and denoted as Tester 1.1. Another 2 μl 
of diluted tester was made up in the same way except with Adaptor 1 replaced by Adaptor 2R 
(5’-CTA ATA CGA CTC ACT ATA GGG CAG CGT GGT CGC GGC CGA GGT-3’) and this was denoted 
as Tester 1.2. 2 μl from each tester tube was mixed in a fresh tube labelled as Tester 1c. All 
tubes were centrifuged briefly before incubating overnight at 16°C. The ligation reaction was 
stopped by adding 1 μl of 0.2 M EDTA and heating at 72°C for 5 mins. 1 μl of Tester 1c was 
diluted in 500 μl of Milli-Q water. Samples were stored at -20°C. 
 
2.5.3 Sample hybridisation 
4 μl of digested driver DNA (from section 3.2.2.4 a) was combined with 2 μl of Tester 1.1 and 2 
μl 4X SSH Hybridisation Buffer (200 mM HEPES-HCl pH 8.0, 2 M NaCl, 0.8 mM EDTA ph 8.0) in a 
tube labelled Hybridisation Sample 1. Another reaction was made up in the same way except 
with 2 μl of Tester 1.2 replacing 1.1. This tube was labelled Hybridisation Sample 2. The 
samples were overlaid with mineral oil and briefly centrifuged before incubating at 98°C for 
1.5 mins followed by a 1.5 hr incubation at 63°C. Another 2 μl of driver DNA was mixed with 2 
μl of 2X SSH Hybridisation Buffer, overlaid with mineral oil and denatured by incubating at 
98°C for 1.5 mins. A pipette was used to draw up Hybridisation Sample 2, followed by the 
freshly denatured driver DNA, leaving a pocket of air in between the two solutions. Both were 
then dispensed into the tube containing Hybridisation Sample 1 and mixed by pipetting. After 
a brief centrifugation, the reaction was incubated overnight at 63°C. After completing 
hybridisation, 200 μl of SSH Dilution Buffer (20 mM HEPES-HCl pH 8.3, 50 mM NaCl, 0.2 mM 
EDTA pH 8.0) was added and mixed by pipetting. The sample was heated at 63°C for 7 mins to 
eliminate non-specific hybridisation before storage at -20°C. 
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2.5.4 PCR Amplification 
1 μl of hybridised sample was mixed with 1 μl of Tester 1c in a PCR tube together with 10 
pmoles PCR Primer 1 (5’-CTA ATA CGA CTC ACT ATA GGG C-3’), 5 mM dNTP mix, 10X 
Thermopol buffer, 1U Taq DNA Polymerase. Milli-Q was added to give a total reaction volume 
of 25 μl. The sample was incubated at 72°C for 2 mins to extend the adaptors before 
immediately commencing with the PCR. This involved 26 cycles of denaturation at 94°C for 30 
seconds, annealing at 66°C for 30 seconds and a 1.5 minute extension at 72°C. After the PCR, a 
1 μl volume of product was diluted into 20 μl of Milli-Q. 1 μl of this dilution was placed in a 
fresh PCR tube and mixed with 10 pmoles each of Nested Primer 1 (5’-TCG AGC GGC CGC CCG 
GGC AGG T-3’ and 5’-ACC TGC CCG G-3’) and Nested Primer 2R (5’-AGC GTG GTC GCG GCC 
GAG GT-3’ and 5’-ACC TCG GCC G-3’), 5 mM dNTP mix, 10X Thermopol buffer, 1 U Taq DNA 
Polymerase. The reaction volume was made up to 25 μl with Milli-Q and the following PCR 
run; 12 cycles of denaturation at 94°C for 30 seconds, annealing at 68°C for 30 seconds, and 
extension at 72°C for 1.5 mins. 7 μl of product from each PCR was mixed with loading buffer 
and run on a 2% agarose gel. The electrophoresis was conducted in 0.5X TBE buffer at 180 V 
for 30 mins before staining in ethidium bromide for 20 mins, destaining in dH2O for 10 mins, 
and visualisation under UV transillumination to determine the success of the PCR reactions. 
 
2.6 Fosmid Library Generation 
2.6.1  High molecular weight DNA extraction 
DNA extraction was conducted using a modified soil metagenomic DNA extraction protocol 
[276]. 3 g faecal sample was weighed out, thawed and mixed with 13.5 ml DNA extraction 
buffer (100 mM Tris-HCl, 100 mM sodium EDTA, 100 mM sodium phosphate, 1% CTAB) and 
100 μg proteinase K (10 mg/ml) in a 50 ml centrifuge tube. The tube was shaken at 225 rpm 
for 30 mins at 37°C. 1.5 ml 20% SDS (w/v) was added and the mixture incubated in a 65C water 
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bath for 2 hrs with gentle inversion every 20 mins. The tube was then centrifuged for 10 mins 
at 15 000 rpm before transferring the supernatant to a fresh tube. Extraction was repeated 
twice by adding 4.5 ml fresh extraction buffer and 0.5 ml 20% SDS to the remaining pelleted 
matter, vortexing for 10 s, incubation at 65°C for 10 mins and centrifuging as before. 
Supernatants from all three extractions were pooled and an equal volume of 
chloroform:isoamyl-alcohol (24:1) was added. The aqueous phase was recovered by 
centrifugation at 15 000 rpm for 10 mins. 0.6 vols isopropanol was added and the nucleic acids 
allowed to precipitate for 30 mins at room temperature. The tube was then centrifuged at 15 
000 rpm for 20 mins to pellet the crude nucleic acids. The supernatant was removed and the 
pellet rinsed with 70% ethanol before resuspension in 4 ml 1X TE buffer (10 mM Tris-HCl, 1 
mM EDTA pH7.5). 
To quantify the yield from the DNA extraction, 1 μl each of neat sample and a 1/10 dilution 
was run out on a 1.5% agarose gel next to 0.5 μg of 1 kb DNA ladder. The gel was run in 0.5X 
TBE buffer at 180 V for 3 mins, stained in ethidium bromide for 20 mins and destained in dH2O 
for 10 mins before visualisation under UV transillumination. The DNA size range and degree of 
shearing was examined by running out 3 μl each of neat product and a 1/10 dilution on a 1% 
agarose gel next to 0.5 μg each of  λ DNA/HindIII ladder and 1kb DNA ladder. This was run for 
40 mins at 240 V before staining, destaining and imaging as before. 
2.6.2  End-repair of insert DNA 
To generate blunt-ended 5’-phosphorylated DNA, the End-It™ DNA End-Repair Kit (Epicentre 
Biotechnologies, USA) was used. 20 μg of sample DNA was mixed with 8 μl 10X End-Repair 
Buffer, 8 μl dNTP Mix [2.5 mM], 8 μl ATP [10 mM] and 4 μl End-Repair Enzyme Mix (includes 
T4 DNA Polymerase and T4 Polynucleotide Kinase). Sterile water was added to give a final 
volume of 80 μl. The mixture was incubated at room temperature for 2 hrs. 10 μl loading 
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buffer was added to the end-repaired sample before inactivating the enzyme by incubation at 
70°C for 10 mins. 
2.6.3  Pulsed field gel electrophoresis 
A 1% low melting point (LMP) agarose gel was cast in 1X TAE buffer. 100 ng each of Fosmid 
Control DNA, λ DNA/KpnI ladder and λ DNA/HindIII ladder was mixed with 10 μl loading buffer 
each and loaded as standards. The end-repaired DNA sample was loaded into three lanes (7 
μg/lane). The gel was then run in a pulsed field (CHEF-DR III; Bio-Rad Laboratories, USA) in 1X 
TAE buffer for one 16 hr block at 4 V/cm with 1 second initial switch time, 6 s final switch time 
and an included angle of 120°. 
After the run, the lanes containing the DNA markers were cut off and stained in ethidium 
bromide for 20 mins, destained in dH2O for 10 mins and visualised under long-wavelength UV 
transillumination. The positions of the bands were marked and these were then used as a 
guide to excise a gel slice from the DNA-containing lanes in the 25-40 kb size range. The gel 
slice was transferred to a tared, sterile 1.5 ml microfuge tube. After weighing the gel slice, 
1/10 volume of 10X β-agarase buffer (New England BioLabs, USA) was added. The agarose was 
melted by incubation at 65°C for 10 mins, before allowing it to cool to 42°C. 1 U of β-agarase 
was added per 100 μl of agarose and the sample was incubated for 1 hour in a 42°C 
waterbath. Following incubation, the enzyme was heat-inactivated at 70°C for 10 mins. 500 μl 
aliquots were then removed to sterile 1.5 ml microfuge tubes. After chilling in an ice bath for 5 
mins, the tubes were centrifuged at maximum speed for 20 mins to pellet unwanted insoluble 
oligosaccharides. The upper 95% of supernatant was then transferred to a fresh tube for 
precipitation. 
A 1/10 volume of 3 M sodium acetate (pH 7.0) was added and mixed gently. 2.5 volumes of 
ethanol (absolute) was added and mixed by gently inverting the tube. The sample was then 
left at room temperature for 10 mins to allow DNA precipitation. The tubes were then 
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centrifuged at maximum speed for 20 mins before discarding the supernatant. Two washes of 
cold 70% ethanol were used to rinse the DNA pellet, after which the tube was inverted and the 
pellet allowed to air-dry for 10 mins. The pellet was then resuspended in 10 μl of sterile water. 
2.6.4  Fosmid library generation 
Vector ligation was carried out using the Fast-Link™ DNA Ligation Kit (Epicentre 
Biotechnologies, USA). The sample was mixed with 1.5 μl of 10X Fast-Link Ligation Buffer, 1.5 
μl of 10 mM ATP, 1 μl of Fast-Link DNA Ligase ( 2 U/μl) and 1 μl of PCC1FOS™ Vector (0.5 
μg/μl) to give a total reaction volume of 15 μl. This was then incubated at room temperature 
for 2 hours before inactivation at 70°C for 10 mins.  
Magnesium sulfate solution was added to 50 ml LB broth to a final concentration of 10 mM. 
This medium was inoculated with 5 ml of prepared overnight culture of Phage T1-Resistant 
EPI300™-T1R Escherichia coli cells. The inoculated broth has shaken at 220 rpm at 37°C to an 
OD 600nm of 0.9, before storage at 4°C until required. One tube of MaxPlax Lambda Packaging 
Extracts from the EpiFos™ Fosmid Library Production Kit (Epicentre Biotechnologies, USA) was 
thawed out and half of the extract transferred to a second tube and placed on ice. The 
remaining half was stored at -70°C for later use. The ligation reaction from before was then 
mixed with the half-volume of packaging extract and mixed by pipetting. After brief 
centrifugation, the reaction was incubated at 30°C for 90 mins. The remaining half of the 
extract was then added to the tube before an additional 90 mins incubation at 30°C. Phage 
Dilution Buffer was added to give a final volume of 1 ml. 25 μl of chloroform was added to the 
tube and mixed gently before storing the packaged clones at 4°C. 
1/10 and 1/100 dilutions in Phage Dilution Buffer were made of the phage particles and 10 μl 
of each dilution, including a neat sample, was added to 100 μl each of the prepared EPI300™-
T1R cells. The cells were then incubated at 37°C for 20 mins. Spread-plates were made of the 
dilutions on plates of LB agar containing 12.5 μg/ml chloramphenicol. The plates were 
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incubated overnight before counting the colonies and determining the titre of the packaged 
fosmid clones. 
2.6.5  Fosmid library analysis 
A dozen colonies were picked randomly and used to inoculate 5 ml volumes of LB broth 
containing 12.5 μg/ml chloramphenicol. The tubes were shaken overnight at 37°C. 1 ml of 
each overnight culture was then transferred to a new tube containing 4 ml of fresh media. 1 μl 
of 1000X CopyControl Induction Solution (Epicentre Biotechnologies, USA) was added and the 
tubes were shaken horizontally at 225 rpm for 5 hours at 37°C. The fosmid DNA was then spun 
down and purified with the FosmidMAX™ DNA Purification Kit (Epicentre Biotechnologies, 
USA) according to manufacturer’s instructions. One half of the purified DNA was combined 
with 10 U BamHI and 1X BamHI buffer while the other half was combined with 10 U each of 
BamHI and EcoRI, and 1X EcoRI buffer (all restriction enzymes supplied by New England 
Biolabs, USA). Milli-Q was added to a total reaction volume of 30 μl. The two reactions were 
incubated overnight at 37°C to digest. The digest results were then mixed with loading buffer 
and loaded onto a 1% agarose gel along with 1 kb and λ DNA/HindIII ladders. The gel was run 
in 0.5X TBE buffer at 180V for 45 mins, before staining, destaining and visualisation as before 
to confirm the presence and variability of inserts in the clones. The packaged clones were 
stored in glycerol (20% final concentration) at -80°C. 
 
2.7 Fluorescence in situ Hybridisation (FISH) 
2.7.1 Cell washing and fixation 
0.5 g of each faecal sample was homogenised in 5 ml 1X PBS (137 mM NaCl, 2.7 mM KCl, 4.5 
mM Na2HPO4, 1.47 mM KH2PO4). The sample was centrifuged at 200 x g for 5 mins to remove 
large particles/debris. The supernatant was collected and another 5 ml of 1X PBS was added. 
The two steps over were repeated another two times, retrieving a total of approximately 15 
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ml supernatant. The collected supernatant was centrifuged at 6 000 x g for 6 mins to pellet 
bacterial cells. The pellet was then washed thrice with 1X PBS to remove any inhibitory 
materials before resuspending in PBS. The sample was fixed 1 volume to 3 in fresh 4% (w/v) 
paraformaldehyde (pH 7.0) in PBS overnight at 4°C. Following fixation, cells were centrifuged 
at 5 000 x g for 5 mins at 4’C to pellet the cells. Pelleted cells were washed thrice with 1X PBS 
before resuspending and storing in 50% (v/v) ethanol:PBS at -20°C until analysis. 
2.7.2 Probe hybridisation 
10 – 100 µl fixed cells (OD600 0.04-0.05) were washed in 1X PBS (137 mM NaCl, 2.7 mM KCl, 4.5 
mM Na2HPO4, 1.47 mM KH2PO4) to remove ethanol before resuspension in 1X PBS. An equal 
volume of 0.02 M EDTA was added for partial deflocculation. The cells were then pelleted by 
centrifugation at 11 000 x g for 2 mins. 400 µl FISH hybridisation buffer (0.9 M NaCl, 20 mM 
Tris-HCl, 0.1% (w/v) SDS, 20% formamide) was added to wash the cells before resuspending in 
50 µl preheated FISH hybridisation buffer.  
5 ng/µl probe was added before overnight incubation at appropriate temperature (Table 2.2). 
Binding sites for FISH probes used in this study are shown in Figure 2.4. After hybridisation, the 
cells were washed for 15 mins in wash buffer (0.215 M NaCl, 20 mM Tris-HCl, 5 mM EDTA, 
0.1% (w/v) SDS) at 48°C. The cells were then centrifuged for 10 mins at 11 000 x g and 
resuspended in 50 µl PBS (for fluorescence microscopy analysis: chapter 4) or Milli-Q water 
(nanoscale secondary ion mass spectrometry analysis: chapter 6). Cell suspensions were 
examined by microscopy to determine cell density and separation.  
FIGURE 2.4 Binding sites of fluorescent in situ hybridisation (FISH) probes used in this thesis. 
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TABLE 2.2 Sequence, specificity and hybridisation conditions of fluorescent in situ hybridisation 
(FISH) probes used in this thesis. 
Probe Sequence (5’ to 3’) Specificity Hybridisation 
Temperature 
Ref Chapter 
Reference 
EUB338 GCTGCCTCCCGTAGGAGT Bacteria 51°C 
[277, 
278] 
4, 6 
EUB338-II GCAGCCACCCGTAGGTGT   Planctomycetes 51°C 6 
EUB338-III GCTGCCACCCGTAGGTGT 
Verrucomicrobia 
and others 
51°C 6 
Bacto1080 GCACTTAAGCCGACACCT  
Bacteroides, Prevotella, 
Porphyromonas 
49°C [279] 6 
Ver47 GACTTGCATGTCTTAWC Verrucomicrobia 49°C [280] 6 
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3 IDENTIFYING MICROBIAL FACTORS UNDERLYING DEVELOPMENT 
OF THE GASTROINTESTINAL MICROBIAL COMMUNITY STRUCTURE 
 
Publications arising from this chapter:  
Chew Y.V. and Holmes A.J. (2009). Suppression subtractive hybridisation allows selective 
sampling of metagenomic subsets of interest. J Microbiol Meth 78(2): 136-43. 
 
3.1 Introduction 
 
Establishment of the gut microbial community begins at birth and the community structure 
undergoes a period of dynamic ecological succession before eventual stabilisation into a stable 
host-specific adult structure dominated by obligate anaerobes [20, 38, 39]. The gut community 
structure strongly influences host health and development well into adulthood and 
understanding factors influencing establishment of the final stable community allows insight 
into how interindividual differences in gut community structure develop and impact host 
health. 
Previous studies examining community succession in piglet models showed that gut 
community structure fluctuates daily within the first four weeks of age preceding stability 
[270, 281]. When community profiles from one day to the next were compared, similarity 
values varied greatly over time – the profile from any one day was not sufficient to predict the 
outcome of the following day (red line in Figure 3.1A). As profiled piglets were removed from 
the sow for the study duration, the maternal environment did not appear to influence 
community composition.  
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FIGURE 3.1 Piglet gut communities are strongly influenced by the environment in the period 
leading up to stability. (A) Pairwise comparison of DGGE community profile similarity from one day to 
the next in piglets over time (red) shows a period of dynamic ecological succession before gradually 
increasing profile similarity as stability is established. Pairwise comparison of DGGE community profiles 
between penmates (blue) shows that profiles are highly similar in the period just prior to the onset of 
stability. (B) DGGE profiles showing the cohabitation effect between piglets 19 and 20 (penmates). At 3 
wks of age, similarity between the gut community profiles of penmates increases markedly compared to 
a non-penmate sibling (piglet 18). [Figures adapted from Thompson et al. 2008 [281]] 
 
However, when community profiles of cohabiting piglets were compared, a period was 
observed during which the environment exerted a disproportionately large influence on the 
gut microbial community composition (blue line in Figure 3.1A), observed as a high similarity 
between community profiles of penmates [281]. This cohabitation effect occurs at 
approximately 3 - 4 weeks of age, directly preceding stabilization of the gut community at 4 - 5 
weeks of age in piglets. Compared to non-penmates, the similarity between faecal DGGE 
community profiles of penmates was found to be much higher during this period, termed the 
critical window (Figure 3.1B). This correlation was also found to be independent of genotypic 
relation, indicating that the immediate environment profoundly impacts which microbes 
successfully colonize the gut environment during this window of time [270]. 
Although the infant is exposed to a wide variety of microbes from the environment during 
early life, only a subset successfully persists within the stable adult community. I postulate 
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that signals received from the microbial community during this critical window of time have 
the potential to exert a deterministic effect on gut community structure outcomes. 
There are two approaches to identifying microbial factors signalling development of the stable 
community in the gut. Chapter 3 focuses on the first approach – identification of microbial 
genes potentially interacting with the host and allowing selection for either persistence or 
removal from the community. The second approach is to examine interactions between the 
host and gut microbes during this critical window that may influence host gut colonisation 
outcomes. Chapter 4 explores this in further detail.  
To identify microbial genes potentially involved in host-microbe interactions and influencing 
colonisation outcomes, comparative analyses can be done between the gut community 
present prior to establishment of stability, and the stable adult community. The most direct 
approach involves deep sequencing of the community metagenome at different time points 
during development of the gut community. In silico analysis of the gene complement in each 
data set is then conducted to compare between samples.  
At the time this study was conducted, the available pyrosequencing platforms were capable of 
achieving datasets with hundreds of thousands of reads of > 100 bases [282]. Although data 
sets of ca 200 Mb have been previously demonstrated to be sufficient for detecting significant 
differences in the frequency of gene families that correlate to environmental attributes [283, 
284], a 200 Mb metagenomic sequence data set represents an extremely low intensity sample 
for most environments. Limited data sets are expected to be heavily dominated by core genes 
(those present in all cells) of the most abundant species. Accessory genes present only in a 
subpopulation of the dominant species, or in less common species are unlikely to be detected 
by this approach. This constrained pyrosequencing analyses to samples with complexity within 
sequencing and computational capacity available at the time.   
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An alternative method for comparative metagenomic analyses was therefore explored in this 
chapter – submetagenomics. By separating metagenomic samples into fractions, sample 
complexity can be reduced, allowing access to populations of moderate or low abundance, 
and providing a more targeted approach to further sequencing attempts. In this manner, 
selective recovery of a metagenomic subset specifically relevant to the biological question can 
be achieved. Here, I aim to identify microbial genes facilitating interaction with the host, and 
potentially selecting for persistence within the community or removal from the host by 
selective sampling of microbial genes differentially represented between the community 
samples at either side of the key time points previously identified in community structure 
development.  
In this chapter, I test the ability of suppression subtractive hybridisation (SSH), a pattern-
dependent approach, to selectively sample the microbiome at key points in colonization 
success. SSH was used to fractionate the gut community metagenome to identify sequences 
specific to populations showing persistence within the gut community from the critical 
window to establishment of the stable adult gut community structure. 
FIGURE 3.2 Schematic representation of SSH outcomes. (A) Sequences common to both driver 
and tester (green) and driver-specific sequences (yellow) are removed whereas tester-specific 
sequences (blue) are enriched for. (B) Hybridisation of driver and tester allows common sequences to 
be removed before PCR amplification enriches for tester-specific sequences. 
 
SSH was first developed for selective amplification of target cDNA fragments with 
simultaneous suppression of non-target amplification (Figure 3.2). Attachment of long 
Chapter 3: Microbial Factors influencing Gut Community Structure Development 53 
 
inverted terminal repeats allows this suppression to occur [285, 286]. SSH uses a two-step 
hybridisation involving “driver” DNA sequences which drive the reaction, and “tester” DNA 
sequences from which unique sequences not present in the driver DNA are enriched for [287]. 
Two specific adaptors are ligated independently to the 5’ ends of restriction endonuclease-
digested tester DNA. These sets of adaptor-ligated DNA are then hybridized separately using 
an excess of driver DNA. Sequences common to both driver and tester form double-strands 
and are “mopped up”.  
The second hybridization step involves mixing of the two samples with freshly denatured 
driver DNA. Homologous sequences unique to the tester DNA reanneal and only these tester-
specific sequences containing the two different adaptors will successfully amplify 
exponentially via PCR. Sequences containing similar adaptors on both ends are subject to the 
suppression effect caused by the formation of a secondary structure. A second PCR 
amplification with nested primers reduces the background product and further enriches for 
tester-specific sequences [285, 287].  
Since amplification occurs via linker sequences that are ligated to the tester sample, SSH 
enables sample-specific sequences to be directly enriched without prior sequence data [288-
290]. SSH has been used in various studies, particularly in in-depth analysis of genome 
differences between closely-related strains or species [285, 289, 291]. In addition, SSH 
products are suitable for downstream applications such as cDNA cloning and library 
construction, probe hybridization and development of diagnostic markers [285, 286, 289, 292]. 
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FIGURE 3.3 Diagram of workflow employed for identification of microbial genes potentially 
influencing gut colonisation outcomes in neonate piglets. [A] The gut communities of piglets were 
characterised from birth to 5 weeks of age to determine key points in community development. [B] 
Suppression subtractive hybridisation (SSH) was then used to selectively enrich for specific subsets of 
the microbial community hypothesised to influence colonisation outcomes. [C] Fosmid library 
construction provides a reference dataset for screening and gene retrieval from probes generated from 
the subtracted samples [D]. 
 
The first step taken in this study was to identify key time points in gut community structure 
development and to determine appropriate sampling points for comparative analysis (Figure 
3.3[A]). To achieve this, I tracked ecological succession in the gut community structure of 
piglet models from birth to 5 weeks of age using denaturing gradient gel electrophoresis 
(DGGE).  
Widely used to profile genetic diversity of microbial communities in various ecosystems, DGGE 
allows community fingerprinting by separation of PCR-amplified 16S rDNA fragments in a 
polyacrylamide denaturing gradient of urea and formamide [267]. Fragments are separated 
based on sequence-dependent differences in melting temperature [43, 293, 294]. Silver 
staining is then conducted to visualise the separated bands.   
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DGGE analysis was selected as multiple samples can be analysed and compared within a single 
gel, allowing profiling of community changes over a temporal or spatial scale [20, 48, 295]. 
Although limited to populations over 1% relative abundance in a given sample [267], DGGE 
offers a fast and reproducible means of community profiling sufficient for gaining insight into 
the dynamics of the gut microbial community.  
After DGGE mapping of key stages in microbial community structure development, selected 
samples were amplified using multiple displacement amplification (MDA), a whole genome 
amplification method with high fidelity and reduced bias [296]. This was done to test the 
suitability of MDA-amplified samples as template for SSH, in particular to facilitate studies 
where starting genomic DNA is available only in minute amounts. An isothermal non-PCR 
based process, MDA involves phi29 DNA polymerase amplification of DNA via a hyperbranched 
replication mechanism capable of reducing loss of genetic information during amplification of 
large genomes [297]. In addition, MDA products are suitable for downstream applications such 
as amplification or sequencing without additional purification steps [296, 298]. 
Suppression subtractive hybridisation (SSH) was then used to temporally fractionate samples 
taken during the critical window preceding stability of the gut community and samples taken 
after the onset of stability in the piglet gut community (Figure 3.3[B]). In this way, microbial 
genes present before or after the key stages outlined earlier were selectively sampled to 
identify potential contributors to establishment of the stable gut community structure. DGGE 
was used to profile samples pre- and post- SSH fractionation to validate separation success. 
A fosmid library was also generated to provide a reference dataset for metagenomic 
information from the piglet gut microbial community (Figure 3.3[C]). The cloning of DNA into 
libraries allows study of physical and functional characteristics of the sample metagenome as 
well as detection and retrieval of novel sequences and genes [299, 300]. Sequence information 
obtained from the SSH procedure can be used to screen this library and retrieve larger 
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sequences for obtaining information on those genes potentially contributing to gut 
colonisation outcomes (Figure 3.3[D]). 
3.2 Materials and Methods 
 
Samples were collected from two separate pig trials run by Dr Bing Wang (then of the 
University of Sydney Human Nutrition Unit), one in 2006 and one in 2007 (Table 3.1). Samples 
were collected throughout the 5-week duration of the 2006 trial and used for temporal 
characterisation of the microbial community in piglet guts. A smaller set was collected from 
the 2007 trial for community fractionation. Trial conditions and methods used are detailed 
below. 
TABLE 3.1 Samples collected during pig trials in 2006 and 2007.  
 
3.2.1 Analysis of temporal community change 
3.2.1.1 Animals and sample collection 
Faecal samples used in this study were obtained from an earlier study conducted in 2006, 
supervised by Dr Bing Wang (then of the University of Sydney Human Nutrition Unit) and 
approved by the University of Sydney Animal Ethics Committee. 11 male domestic piglets (Sus 
scrofa, Landrace/Large White cross) from 3 litters were obtained from a commercial piggery 
(Boen Boe piggery, Mittagong, NSW). The piglets were housed in pairs and kept in the same 
temperature controlled room on a 12 hr light and dark cycle. Unrelated piglets of similar 
weight were co-housed wherever possible. Each group was fed a standard diet of 
Chapter 3: Microbial Factors influencing Gut Community Structure Development 57 
 
soy/whey/casein (55:9:6) sow milk replacer (Wombaroo Food Products, Australia) until 36 
days of age. Milk intake for all piglets was 285 ml/kg/day during the first 2 weeks, and 230 
ml/kg/day for the remaining weeks. Faecal samples were obtained by directly monitoring the 
piglets. Samples were collected immediately after defecation and immediately frozen at -20°C 
until analysis. For this study, a set of 51 samples from three pigs (Pig 1, 9 and 10) spanning the 
entire study duration was retrieved from storage for temporal analysis of community 
structure. 
3.2.1.2 DNA extraction 
1 g faecal sample was homogenised in 5 ml TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) 
before DNA extraction as outlined in the general materials and methods (section 2.2). The 
yield and size range for the DNA extracts were assessed by agarose gel electrophoresis on 1% 
agarose gels in 0.5X TBE run at 100 V for 20 mins (section 2.4.1)  
3.2.1.3 DGGE analysis 
Samples were PCR amplified using primers 968-F-GC and 1401R [265], targeting the V6-V8 
region of the 16S rDNA (see Figure 2.1). PCR was performed as described in section 2.3.1. PCR 
products were confirmed by agarose gel electrophoresis using a 1.5% agarose gel in 0.5X TBE 
run at 180 V for 20 mins before ethidium bromide staining and UV visualisation (section 2.4.1). 
DGGE was performed using the DCode system (Bio-Rad Laboratories, USA) as outlined in 
section 2.4.2, followed by silver staining as described in section 2.4.2.1 [274]. Gels were 
imaged using a GS-800 calibrated densitometer (Bio-Rad Laboratories, USA). Analysis of the gel 
images was done in Quantity One (Bio-Rad Laboratories, USA) as described in section 2.4.2.2. 
A match tolerance of 2% was used to match detected bands and a similarity matrix was 
constructed using the Dice Coefficient. Dendrograms were also constructed by the unweighted 
pair group method using arithmetic averages (UPGMA). All analyses were conducted within 
the same gel (lanes from different gels were not directly compared). 
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3.2.2  SSH enrichment of desired sequences 
3.2.2.1 Animals and sample collection 
Faecal samples used in this study were obtained from a subsequent trial in 2007. Samples 
were collected from a set of 12 male domestic piglets (4 different litters with a shared sire) 
obtained from a commercial piggery (Boen Boe piggery, Mittagong, NSW). Piglets were housed 
and fed as described above (section 3.2.1.1). Samples were obtained from the piglets over a 3 
week period, from 17 to 32 days of age. Samples were collected immediately following 
defecation and stored at -20°C until analysis. 
3.2.2.2 DNA extraction 
1 g faecal sample was homogenised in 5 ml TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) 
before DNA extraction as outlined in the general materials and methods (section 2.2). The 
yield and size range for the DNA extracts were assessed by agarose gel electrophoresis on 1% 
agarose gels in 0.5X TBE run at 100 V for 20 mins (section 2.4.1). 
3.2.2.3 Whole genome amplification 
DNA samples were whole genome amplified using the REPLI-g® UltraFast Mini Kit (QIAGEN, 
USA). Denaturation buffer (Buffer D1) and neutralization buffer (Buffer N1) was freshly 
prepared according to manufacturer’s instructions. 1 μl of template DNA was placed into a 
microfuge tube and mixed with 1 μl Buffer D1 by vortexing. The mixture was centrifuged 
briefly and incubated at 20°C for 3 mins. 2 μl of Buffer N1 was then added, mixed and 
centrifuged as before. A master mix was prepared on ice containing 15 μl of REPLI-g UltraFast 
Reaction Buffer and 1 μl of REPLI-g UltraFast DNA Polymerase per reaction. 16 μl of this was 
added to each reaction and the tubes were incubated at 30°C for 1.5 hours. Enzyme 
inactivation was carried out at 65°C for 3 mins. 
To test the yield obtained, 1 μl of amplified product was run out alongside 0.5 μg of 1kb DNA 
ladder on a 2% agarose gel. The gel was run in 0.5X TBE buffer for 3 mins at 180 V before 
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staining for 20 mins in ethidium bromide, destaining in dH2O for 10 mins and visualisation 
under UV transillumination. The size range was also examined via gel electrophoresis by 
running out 1 μl of amplified product alongside 0.5 μg of 1 kb DNA ladder on a 1% agarose gel 
in 0.5X TBE buffer. 5 μl of FastPrep DNA extract was also loaded and the gel was run for 40 
mins at 240 V before staining, destaining and visualising as before. 
3.2.2.4 Suppression subtractive hybridisation (SSH) 
The flowchart in Figure 3.4 details the suppression subtractive hybridisation (SSH) method 
with steps labelled as described in section 2.5. 
FIGURE 3.4 Flowchart detailing the suppression subtractive hybridisation (SSH) method. Steps 
are labelled from section 2.5.1-2.5.4 corresponding to the methods detailed in section 2.5. 
 
3.2.2.5 DGGE validation 
To assess the outcome of SSH fractionation, DGGE community profiling was conducted. PCR 
amplification and DGGE analysis was conducted as described in section 2.3.1 and 2.4.2. 
Products amplified from subtracted samples were compared to the original whole community 
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profile. After silver staining (section 2.4.2.1), analysis was conducted in Quantity One (Bio-Rad 
Laboratories, USA).  
3.2.2.6 Cloning and sequencing 
Bands of interest on the DGGE gel were excised and placed in separate tubes and labelled. 20 
μl of Milli-Q water was added and the gel slices were crushed with a pipette tip to resuspend 
the DNA. 4 μl of each resuspension was used in a PCR with primers 968-F-GC and R-1401 [265], 
scaled up to a total volume of 50 µl, using the same cycling parameters as previously described 
(section 2.3.1). A 0.5% agarose gel in 0.5X TBE was run at 180V for 20 mins to confirm 
amplification success. The remaining PCR product was purified using the QIAquick® PCR 
Purification Kit (QIAGEN, USA) according to manufacturer’s instructions. The purified products 
were examined by running out another gel.  
These products were then cloned using the TOPO TA Cloning® Kit (Invitrogen Corporation, 
USA) according to manufacturer’s protocols. The transformed E. coli cells were spread-plated 
on LB agar containing 25 μg/ml kanamycin and 40 μg/ml X-Gal to select for transformants and 
to enable blue-white screening, respectively. The plates were incubated overnight at 37°C. 
8 white colonies were picked from each band type and patched onto a new LB/kanamycin/X-
Gal plate. Colonies were also screened by PCR with primers M13F (5’- G TAA AAC GAC GGC 
CAG T-3’) and M13R (5’- CAG GAA ACA GCT ATG AC - 3’). A 25 μl reaction volume consisting of 
1X Thermopol buffer, 5 mM dNTPs, 15 pmoles each forward primer and reverse primer, and 1 
U Taq DNA Polymerase was used. The same PCR program as used for primers 968-F-GC and R-
1401 was used. 5 μl of product was then mixed with loading buffer and run out on 1.5% 
agarose in 0.5X TBE alongside 0.5 μg of 100 bp DNA ladder. The gel was run at 240 V for 25 
mins, before staining for 20 mins in ethidium bromide, destaining for 10 mins in dH2O and 
visualisation under UV transillumination.  
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One successful colony was picked from each band type and used to inoculate a 1 ml volume of 
LB broth containing 25 μg/ml kanamycin. The samples were shaken horizontally at 37°C 
overnight. The overnight culture was then spun down at maximum speed for 1 minute to 
pellet the cells. The plasmid DNA was then purified using the PlasmidMAX™ DNA Isolation Kit 
(Epicentre Biotechnologies, USA) according to manufacturer’s instructions. 2 μl of purified 
plasmid DNA was mixed with loading buffer and run out on a 1% agarose gel alongside 0.5 μg 
of 100 bp DNA ladder. The gel was run in 0.5X TBE buffer at 180 V for 30 mins before staining, 
destaining and imaging as before.  
The purified plasmid DNA was then sent to the Australian Genome Research Facility 
(Queensland, Australia) for sequencing along with 1 pmole of 1401R. The retrieved sequences 
were then examined and edited in Vector NTI (Invitrogen Corporation, USA). The flanking 
sequences including the primers were removed before performing a search with BLAST (Basic 
Local Alignment and Search Tool) against the National Centre for Biotechnology Information 
(NCBI) microbial genome database [301]. From the data obtained, relevant sequences were 
aligned and a phylogenetic tree of 16S rRNA sequences was constructed via the neighbour-
joining method in the Ribosomal Database Project (RDP) Phyllip Interface [302]. 
 
3.2.3 Fosmid library generation 
Using a representative sample (from section 3.2.2.1), a fosmid library was constructed using 
the methods detailed in section 2.6. The titre of the packaged fosmid clones was determined 
and the presence and variability of inserts in the clones were determined as described in 
section 2.6.5. Packaged clones were stored in glycerol (20% final concentration) at -80°C for 
arraying at a future date. 
 
Chapter 3: Microbial Factors influencing Gut Community Structure Development 62 
 
3.3  Results 
3.3.1 Onset of stability in the piglet gut microbiota  
 
To identify the onset of stability, the gut microbial community succession was examined from 
birth to 5 weeks of age in piglets using DGGE. DNA was extracted from 51 samples from three 
piglets (Pigs 1, 9 and 10) spanning the study duration. Extracted DNA was visualised by agarose 
gel electrophoresis. The size of the extracted DNA ranged from 0.5 – 10.0 kb with an average 
yield of 0.04 µg/µl. DNA was amplified using primers 968-F-GC and 1401R and PCR success was 
confirmed by agarose gel electrophoresis. The products were then run on separate DGGE gels 
for each piglet. Gel analysis was conducted in Quantity One (Bio-Rad Laboratories, USA) and a 
similarity matrix was generated (data in supplementary S1.1).  
Temporal variation was assessed by pairwise comparison of each DGGE fingerprint to its 
adjacent sample in the temporal sequence. A period of high variation was observed from day 
16 to 25 of age preceding a gradual increase in similarity between samples from days 28 
onwards (Figure 3.5). 
All DGGE gels analysed showed the same colonisation patterns, confirming previous work 
analysing community succession in piglets [281] (data in supplementary S1.1, Figures S1.2-
1.4).These results were used to select samples spanning closure of the critical window of 
environmental dependence (before 25 days and after 28 days of age in piglets). 
Chapter 3: Microbial Factors influencing Gut Community Structure Development 63 
 
FIGURE 3.5 DGGE community fingerprint of faecal microbiota of Pig 9 from day 5 to 36 of age 
showing similarity values by pairwise comparison of samples adjacent on the time scale. A period of 
dynamic change is observed before the onset of stability at 28 days of age in the piglet. 
 
3.3.2 DNA extraction and whole genome amplification of samples 
spanning the critical window of environmental exposure in piglets 
 
SSH was used to enrich for microbial genes that are differentially represented between 
microbiomes on either side of key stages in development of the adult microbiota structure and 
thus potentially play a role in the process of establishing a stable host-microbiota relationship. 
To evaluate the efficacy of SSH for this, faecal samples from day 24 and 31 (spanning the 
closure of the critical window) were selected from three pig gut communities.  
Previous comparisons of piglet DGGE profiles has shown that compared to non-penmates, the 
gut community profiles of penmates are highly similar in weeks 3 and 4, indicating the strong 
influence of the environment on the gut community (Figure 3.1). As penmates are expected to 
have undergone parallel community development, Pigs 9 and 10 were used as pseudo-
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replicates since these individuals were raised as penmates. The third piglet (Pig 2) was housed 
separately and therefore, was expected to have an independently developed gut community.  
For all samples the extracted DNA yield was found to be approximately 5 μg with fragment size 
ranging from below 0.5 kb to 10.0 kb. MDA was conducted as per manufacturer's protocols 
and produced a concentration of 10 μg/μl of DNA with fragment sizes ranging from 0.5 kb to 
8.0 kb. Analyses of MDA-amplified products confirmed the results from previous studies 
showing that MDA-amplified metagenomic DNA samples accurately represent the original 
sample (data in supplementary S1.2.2) [296, 303]. 
 
3.3.3 Differential fractionation of metagenomic samples by SSH 
 
The ability of SSH to temporally fractionate genes was tested using genomic DNA of 24 day 
communities as the driver (DNA to be removed) and genomic DNA from day 31 communities 
of the same pig as the tester (sample that contributes template to the final assay) (Figure 3.3).  
Two initial “temporal fractionation” SSH experiments were performed on samples from pigs 9 
and 10, the penmates that had undergone parallel community development. The resulting 
DNA samples were designated SSH(D924;T931) and SSH(D1024;T1031). A further “spatial 
fractionation” SSH experiment was done using samples collected at the same time (day 24) 
using piglet 9 as driver and piglet 10 as tester, designated SSH(D924;T1024). 
 All three SSH experiments were assessed using PCR-DGGE with primers 968-F-GC and R-1401 
(supplementary S1.2.3). Observed bands were colour-coded as either driver-specific (yellow), 
tester-specific (blue), common to both profiles (green) or present only in the subtracted 
sample profile (red) (Figure 3.6, full gel images in supplementary Figures S1.4-1.6).  
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FIGURE 3.6 Evaluation of SSH outcomes from three independent experiments. Panel a shows an 
experiment to enrich for late colonizers in Pig 10; Panel b, an experiment to enrich for late colonizers in 
Pig 9, and; Panel c, an experiment to enrich for organisms unique to Pig 10. In each panel, lanes 1 and 2 
are DGGE fingerprints of the original driver and tester genomic templates for the experiments and lane 
3 is the fingerprint of the subtracted DNA (tester minus common and driver-specific sequences). Driver-
specific bands (yellow) were absent from the subtracted DNA in all cases. The majority of bands present 
in both tester and driver sample (green) were eliminated from the final profile in each experiment. 
Most but not all tester-specific bands (blue) were retained. Red bands in the final profile of each set 
denote bands with new mobilities not previously observed in either tester or driver profile. The bands 
numbered 1–5 in panels a and b were observed to be most abundant in each gel as well as appearing to 
share similar relative mobility on each gel. These 10 bands were excised for further analysis. 
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Results obtained were tabulated for comparison to the theoretical composition of bands that 
should be observed with mixing of the driver and tester sample, and the expected composition 
of bands after performing SSH (Table 3.2).  
 
TABLE 3.2  Categorization of observed bands in each experiment into either driver-specific, 
tester-specific or common to both tester and driver profiles. Tabled results were compared against 
theoretical composition of the mix before SSH (Mix theor.) and expected results after the SSH process. 
 
In all cases, sequences represented by bands specific to the driver sample were not detected 
in the fingerprint of the SSH, confirming that ligated linkers only allowed exponential 
amplification of tester-specific sequences. This is an important “test” of the process since the 
SSH procedure involves “contamination” of the target sample with the driver sample consisting 
of undesired sequences. The primary aim of the SSH process is subtraction of shared 
sequences from the target sample - no shared sequence should be retained.  
Subtraction success was confirmed by calculating the percentage of common bands (those 
shared between fingerprints of the two original templates) that were lost from the SSH 
fingerprint. The apparent removal efficiency for the three SSH experiments was 40%, 50% and 
91%, respectively. Tester-specific sequences were expected to be retained in the final sample. 
The percentage of bands corresponding to tester-specific sequences retained in the final 
profile was calculated and 67% of these sequences in each case were found to be retained. 
New bands were expected to be seen in the subtracted profile not previously observed in the 
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corresponding driver or tester profiles and this was found to be true for all three sets of data, 
contributing 29%, 29% and 58% to the final profile, respectively.  
The cohabitation effect predicts that the communities of pigs 9 and 10 form pseudo-replicates. 
If SSH had successfully enriched for tester-specific sequences in the final sample as validated 
by DGGE, similar sequences are expected to appear in the final profiles from Pig 9 and Pig 10 
(lanes 3 in Figure 3.6 a and b). To test this, the five most abundant bands of each set were 
excised from the subtracted sample lanes and reamplified before cloning and sequencing. The 
retrieved sequences were screened by BLAST (data in supplementary S1.2.4) and 
representative database sequences chosen to construct a phylogenetic tree based on a 260 bp 
alignment using the neighbor-joining method (Figure 3.7).  
Bands with apparent similar mobility between the two SSH experiments from Pig 9 and 10 
were found to cluster together in three cases; positions 2, 4 and 5. In the case of position 1, 
the bands did not cluster together but were both found to be most closely related to 
Ruminococcus torques. Sequencing of the sample from position 3 was only successful for one 
sample so comparison was not possible. All phylotypes were phylogenetically within the 
Firmicutes. Temporal fractionation of parallel communities via SSH appears to produce similar 
outcomes, as predicted (Figure 3.7).  
To exclude the possibility that the similarity between SSH recovered sequences from pigs 9 
and 10 was a result of PCR bias or some artifact of the SSH procedure, I also conducted an SSH 
experiment where a day 24 sample from Pig 9 was tested against one from Pig 10 (Figure 
3.6c). Since this experiment should remove the community similarity, I predict the outcome to 
have negligible overlap with the first two SSH experiments. The DGGE fingerprint of the SSH 
(D924; T1024) sample showed no bands of similar mobility to the SSH(D924; T931) or 
SSH(D1024;T1031) fingerprints.  
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FIGURE 3.7 Dendrogram based on a 260 bp alignment showing the phylogenetic affiliation of 
16S rDNA sequences amplified from excised SSH DGGE profile bands. Sequences from the excised 
bands were aligned with members of the Clostridium leptum group, Clostridium botulinum and the 
Bacillus/ Lactobacillus/Streptococcus subdivision, as well as cloned sequences from previous studies. 10 
bands in total were included in analysis – five bands of highest abundance from each gel 
(SSH(D1024;T1031) and SSH(D924;T931)). The relative mobility of these sets of bands appeared similar 
between both gels and thus all 10 were excised and sequenced to identify correlation. Sequences were 
aligned in the Ribosomal Database Project (RDP) Phyllip Interface and the distance matrix was 
calculated using the Kimura 2-parameter method, empirical base frequencies and a 
transition/transversion ratio of 2. The tree was then generated using the neighbour-joining method with 
Escherichia coli K-12 as the outgroup. The scale bar represents a 10% estimated sequence divergence. 
As predicted based on the previously observed cohabitation effect, temporal fractionation of parallel 
communities (from pigs 9 and 10) via SSH appears to produce similar outcomes, with bands of apparent 
similar mobility clustering together. 
 
As a further test of the SSH procedure, I performed a further temporal fractionation 
experiment where 24 and 31 day samples from independent pigs were assessed. The 
predicted outcome is that differences between the temporally-fractionated fingerprints 
should be observed. Pigs 2 and 10 were used in these experiments with an alternate primer 
pair targeting theV3 region of the rRNA (357-F-GC and 518R) for the DGGE PCR. Observed 
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bands were categorized as before based on absence/presence as tester-specific, driver-specific 
or common to both samples. The subtracted profiles were then analysed to determine if 
common and driver-specific bands were absent while retaining tester-specific bands. Different 
primers were expected to yield results at a similar efficiency despite producing different 
banding profiles and this was found to be the case when 357-GC and 518R were tested (Table 
3.2). The results of all five SSH experiments were used to estimate the experimental efficiency 
of the SSH fractionation. Every unique band mobility with a distinct primer set or template can 
be considered an independent observation. In total, 170 bands were observed and each of 
these bands can be categorized (in the context of the experiment where they were observed) 
as driver-specific, shared, tester-specific, or SSH-specific.  
For the purpose of summarizing the effectiveness of SSH, the net correspondence of this total 
data set was compared to the predicted outcomes of SSH (Table 3.2). Driver-specific bands 
showed 100% correspondence to predictions, with none being observed in any of the five SSH 
DGGE fingerprints. Results also corresponded to predictions for common bands observed with 
58 of the 76 observed bands successfully removed after subtraction, and for tester-specific 
sequences with 41 of the 68 observed bands retained. As expected, SSH-specific sequences 
were observed in all experiments. This suggests that SSH has been an effective means of 
fractionating metagenomic samples into biologically relevant subsets (e.g. organisms 
colonizing after a certain timepoint). 
3.3.4 Construction of a metagenomic fosmid library 
Hi-MW DNA required for fosmid library construction was extracted from a sample taken from 
piglet 9 at 31 days of age using a modified soil metagenomic DNA extraction protocol [276]. 
DNA yield was approximately 5 μg/μl with a size range from < 0.5 kb to > 25 kb. This indicates 
a high degree of shearing, with enough DNA of suitably high molecular weight for fosmid 
library generation (data in supplementary S1.2.6). 
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The number of clones required for an adequate fosmid library was calculated using the 
   
        
        
   formula, where P is the desired probability of a given sequence being present 
in the library generated, f is the proportion of the metagenome within a single clone and N is 
the number of clones required. With metagenomic samples, only a rough estimate can be 
made based on the relative abundances of different populations in the community. For 
example, assuming an organism with an average genome size of 4 Mb, a library with 40 kb 
inserts would require at least 100 clones to provide coverage of the genome, assuming all 
clone inserts are different. If the genome of the organism in question comprises 10% of the 
total metagenome, then a total of 1000 clones would likely provide a reasonable chance of 
detecting a sequence of interest, again assuming all clone inserts are different. 
Blunt-ended 5’-phosphorylated DNA was produced by end-repair of the DNA sample, then run 
on a pulsed-field gel for more discrete size separation. DNA of the appropriate size (> 25 - 40 
kb) was excised, purified and ligated into pCC1FOS vector (supplied with the EpiFOS™ Fosmid 
Library Production Kit; Epicentre Biotechnologies, USA). Fosmid clones were packaged and 
plated successfully. The library titre was found to be approximately 4.0 x 10-3 cfu/ml according 
to the following formula:   
                                            
                             
          
FIGURE 3.8  Fosmid clone analysis using restriction enzyme digestion profiles. (A) BamHI digest 
profiles from 12 randomly selected fosmid clones. The fosmid vector is represented by a band of ≈8.1 kb 
in all profiles while the sum of the remaining bands give the insert size of each clone. An average insert 
size of 30 kb was obtained over all clones. (B) BamHI/EcoRI double digest profiles from the 12 randomly 
selected fosmid clones. 0.5 μg of λ DNA/HindIII ladder and 1 kb DNA ladder was loaded in lanes 1 and 2. 
The double digest gives an indication of the variability of the DNA inserts in each clone examined. 
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The BamHI digest profiles from the set of 12 randomly selected clones chosen are shown 
below (Figure 3.8a). The pCC1FOS vector used contains BamHI sites flanking the DNA inserts; 
producing a band of ≈8.1 kb representing the vector in all the profiles. All other bands 
represented the inserted DNA and the sum of these bands gave the insert size of in each 
clone. The average insert size across all clones examined was approximately 30 kb. Unique 
RFLPs were found for each clone, indicating the presence of independent DNA-inserts in the 
fosmid clones. The clones were rescreened by digesting with an additional restriction enzyme, 
EcoRI, confirming the variability of the inserts present in the fosmid clones (Figure 3.8b). These 
results indicate successful generation of a reference dataset for screening and gene retrieval. 
 
3.4 Discussion 
3.4.1 A period of dynamic ecological succession and strong 
environmental influence occurs prior to the onset of stability in the 
piglet gut microbial community  
 
Previous work on piglet gut community profiles showed that dynamic ecological succession 
occurs before relative stability is achieved at 4 to 5 weeks of age (detailed in section 3.1) [270, 
281]. The cohabitation effect was previously determined to occur by observing an increase in 
similarity between gut community profiles of piglets reared as penmates in the period leading 
up to stability [270, 281]. It appears that the environment exerts a strong influence on the gut 
community structure at this critical window prior to stability (defined at 3 weeks of age in 
piglets).  
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FIGURE 3.9 Prior to stability, the gut community in piglets undergoes dynamic ecological 
succession and demonstrates a critical window at 3 weeks during which the environment exerts a 
disproportionately large influence on gut community structure. Data presented above detailing 
pairwise comparison of samples from one day to the next indicates that community changes occur 
frequently in the first few weeks of age before a gradual increase in similarity heralds the onset of 
stability (red). Pairwise comparisons between penmates indicate a high degree of similarity at 3 weeks 
of age in piglets (blue), indicating that the environment strongly influences community structure during 
this critical window. 
 
I achieved independent validation of both these observations in three separate piglet hosts by 
DGGE analysis of 51 samples over a 5 week duration, defining gut community development on 
a temporal scale for further investigation. Pairwise comparison between samples adjacent to 
each other on a temporal scale confirmed that similarity fluctuates in the first 4 weeks of life 
before gradually increasing until stability is reached at 5 weeks of age (Figure 3.9 (red line)). 
Pairwise comparison of community profiles between two penmates, piglets 9 and 10  (Figure 
3.9 (blue line)) confirmed that similarity between the gut community profiles of cohabiting 
piglets was highest during a critical window at 3 - 4 weeks of age in piglets (data in 
supplementary S1.2.1).  
Although inoculation at birth with maternally-derived microbiota is widely suggested to 
strongly influence community composition in the neonate [40, 59, 145, 304], the piglets used 
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in this study were removed from the sow within 2 days of birth. However, my DGGE analysis 
shows that the community profiles at the beginning of the study (maternal influenced) have 
low similarity to the final community outcome (data in supplementary S1.1), indicating that 
the maternal microbiota at birth has little influence on colonisation outcomes in the neonate 
gut community. It appears far more likely that the apparent influence of the maternal 
microbiota on colonisation outcomes in the neonate is due to the presence of the mother 
dominating the environment during the critical window of time during which the environment 
greatly influences the neonate gut community composition. 
 
3.4.2 SSH allows selective sampling of a desired sub-metagenomic 
fraction of the microbial community on a temporal and spatial basis 
 
Two important events mark development of the gut community structure in piglets – a critical 
window of environmental influence at 3 - 4 weeks of age, and the onset of stability after 5 
weeks. I postulate that the microbial community present during the critical window influences 
the final gut community structure. To test this, a means of selectively recovering the persisting 
strains is needed. I have explored the use of suppression subtractive hybridisation (SSH) to 
selectively enrich for microbial genes differentially represented between the community 
sampled at either side of these key time points (Figure 3.10). 
Samples were fractionated on a temporal basis by choosing samples spanning the two key 
points described above, directly enriching for microbial genes that have the potential to 
trigger animal development pathways needed for establishment of a stable gut microbiota. 
The suitability of SSH for comparative submetagenomic applications was also evaluated. 
 
Chapter 3: Microbial Factors influencing Gut Community Structure Development 74 
 
 
FIGURE 3.10  Schematic diagram of application of SSH to a temporal question. SSH was used for 
comparative analysis of samples spanning closure of the window during which correlation between 
environment and community structure is highest (as indicated by the gradient). During this period, non-
random “selection” of microbial populations occurs before stability is reached at approximately 30 days 
of age. By using a 31 day sample as the tester (T), and a 24 day sample as the driver (D), tester-specific 
genes (shaded area) that have been selected for persistence were enriched for identification of genes 
potentially impacting development of stability. Driver-specific and common genes (cross-hatched area) 
were subtracted from the final sample.  
 
SSH performance was assessed by DGGE community profiling. Of the 170 independent bands 
observed, 35 did not conform to predictions. These were of two types: tester-specific bands 
absent from the final profile or bands present in both unsubtracted and subtracted DGGE 
profiles (common band retained). A possible reason for retention of common bands is co-
migration of distinct sequences [305, 306]. Common bands may be retained if more than one 
sequence was present in the initial bands. Subtracting the common sequence between tester 
and driver leaves the tester-specific sequence visible in the final profile. New bands were also 
observed inthe final subtracted profile from all SSH experiments, thought to represent tester-
specific sequences that were previously below this detection threshold but were enriched by 
SSH and thus now above the 1% detection threshold of the DGGE technique [267]. 
While DGGE is not expected to provide a thorough examination of the populations present in 
each sample, it was sufficient to validate the success of SSH enrichment of tester-specific 
sequences on both a temporal and spatial basis. By selectively sampling for metagenomic 
subsets of interest, the amount of sequencing required for sample characterisation is reduced 
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significantly as only the relevant proportion (ie. T-specific) remains after subtraction, 
increasing the chance that genes of relevance will be picked up using this approach. In 
addition, I have demonstrated that SSH independently recovers similar sequences from 
communities predicted to have undergone parallel development, lending further support to 
the cohabitation effect previously described and validated by temporal analysis above. 
 
3.4.3 Conclusions 
 
The gene-centric approach to ecology proposes that microbial genes present within an 
environment can be related to important attributes of the ecosystem [307, 308]. Comparative 
analysis of the representative metagenomic samples of the environment of interest allows 
identification of such essential genes [2, 283, 307]. Typically, high throughput sequencing is 
used to comprehensively characterise the metagenome from each of the samples of interest, 
followed by in silico comparison of the gene complement between data sets.  
In this study, I have tested an alternative approach involving in vitro separation of the 
metagenome into submetagenomic samples of each category using suppression subtractive 
hybridisation (SSH). Subsets of the metagenome were selectively sampled on a temporal basis, 
allowing identification of differentially represented microbial genes that potentially influence 
microbial colonisation outcomes in the host gut.  
The data presented here suggests that SSH is a suitably quick and effective way to enrich for 
sequences from a user-defined sample set, enabling comparative metagenomic analyses at a 
fine spatial scale. By using size-fractionated DNA and targeting variable regions, the impact of 
highly conserved regions of RNA is minimised, increasing the ability of SSH to discriminate 
between related sequences. Taking current high-throughput methods into account, SSH 
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results can be confirmed via metagenomic sequencing and comparison of each sample pair, 
allowing a more comprehensive evaluation of SSH performance. 
Submetagenomics reduces sample complexity in a predictable and user-defined manner, 
increasing the chances of observing ecological patterns for low abundance genes or 
organisms. Comparative analyses of gene differences from a large number of biological 
replicates can be conducted at a much lower cost and computational requirement. In addition, 
pattern-dependent, post-extraction strategies (such as SSH) are highly contextual and allows 
users to directly address ecological or functional questions of what genes are different 
between two samples on both spatial and temporal bases. 
Although advances in high-throughput sequencing have removed the constraints previously 
experienced, the submetagenomics approach remains an invaluable alternative for 
comparative metagenomics and identification of ecologically and developmentally relevant 
genes. In addition, SSH analyses can be combined with multiplex ligation and pyrosequencing 
technologies, allowing rapid and thorough comparative analyses of complex microbial 
communities while maintaining contextual information [309].  
In addition to exploring the submetagenomics approach, I was also able to independently 
validate the previously observed cohabitation effect via DGGE temporal analysis from three 
separate piglet hosts, as well as by SSH retrieval of similar sequences from cohabiting piglets. 
This further emphasises that the observed effect of environment on piglet gut community 
composition during the critical window at 3 - 4 weeks of age in piglets is a valid and 
reproducible phenomenon, and supports my earlier hypothesis that microbial signals received 
by the host at this point have the potential to influence colonisation outcomes. In the 
following chapter, this hypothesis is explored further by examining the host response to the 
gut microbial community during this critical window in gut community structure development. 
  
 
 
CHAPTER 4 
 
 
 
Influence of the Host Immune 
System on Development and 
Modulation of the Gut Microbial 
Community Structure 
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4 INFLUENCE OF THE HOST IMMUNE SYSTEM ON DEVELOPMENT 
AND MODULATION OF THE GUT MICROBIAL COMMUNITY STRUCTURE  
 
4.1 Introduction 
 
Interactions between the host mucosal immune system and the gut microbiota are thought to 
influence development and establishment of the gut microbiota structure. The onset of 
stability in the gut community is correlated to important landmarks in host immune system 
maturation [88, 310]. However, the exact host or microbial factors responsible for influencing 
community succession and development of the stable gut microbiota are poorly understood. 
In the previous chapter, I described key time points in gut community structure development 
in neonate piglets from birth to 5 weeks of age. Community profiling showed daily fluctuations 
in gut community composition in the first 4 weeks of life, which then decrease as stability is 
achieved at 5 weeks. An interesting observation occurring at 3 - 4 weeks was the cohabitation 
effect – a period during which penmate community profiles showed high similarity compared 
to non-penmates. This observation indicates that the environment exerts a strong influence on 
the gut community composition during this critical window just prior to stability. 
 I postulate the microbial signals received by the host at this key point in development have 
the potential to influence development of stability and colonisation outcomes in the gut. 
While Chapter 3 centres on a gene-centric approach by identifying microbial genes present 
during the critical window, here I explore interactions between gut microbes and components 
of the host immune system occurring during this key point which potentially influence 
development of the stable gut community in the host. 
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Previous studies have implicated the role of secretory immunoglobulin A (sIgA) in 
development of the intestinal microbiota structure [67]. A remarkable increase in bacterial 
diversity of the neonate mouse gut was found to coincide with a drop-off in maternal IgA 
present in the gut and free IgA recovered from faeces [24, 311]. Stabilisation of the gut 
microbiota corresponded to the start of a gradual increase in faecal IgA levels [24].  
FIGURE 4.1 Key stages in porcine immune system development coincide with changes in levels 
of detectable free IgA in faeces. The red line indicates the gradual drop-off of maternally-conferred 
passive immunity while the blue line indicates the development of the neonate immunity. A major drop 
in free IgA is observed coinciding with a key window during which the environment has a large impact 
on the final colonisation outcome. [Data adapted from Thompson et al. 2008 [281]] 
 
Work in our lab tracking the concentration of free IgA in the faeces of neonate piglets from 
birth to 5 weeks of age observed a large drop corresponding to the critical window described 
above. Free IgA then increased gradually as stability was established in the piglet gut 
microbiota, prior observations in mice (Figure 4.1) [281]. As the predominant immunoglobulin 
in milk, maternal IgA is ingested through colostrum and milk in neonate mice and piglets [312-
315]. The observed drop in free faecal IgA is suggested to demonstrate the drop-off of 
maternally-conferred IgA preceding neonatal production of IgA [281]. I hypothesise that the 
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neonate actively produces IgA which recognises and binds microbial populations from 3 weeks 
of age, and the drop observed in free faecal IgA reflects binding saturation of available IgA. In 
combination with the strong environmental influence occurring during this critical window, it 
is possible that interactions between host IgA and microbial populations contribute to the 
cohabitation effect and may influence host gut colonisation outcomes. 
IgA is the primary specific antibody present in the gut; about 3 g is produced and transported 
into the intestinal lumen and lost in the faeces each day [316-318]. The main function of IgA 
known is exclusion of commensals from the mucosal surface by inducing bacterial 
agglutination, masking bacterial proteins involved in epithelial attachment and anchoring 
bacterial cells to mucus [319-321]. Studies with germ-free animals have shown that the 
presence of gut microbiota is required to induce IgA responses [322, 323]. Germ-free animals 
and neonates have little to no IgA-producing plasma cells in the lamina propria, but 
commensal colonisation induces IgA plasma cell generation and restores IgA levels to normal 
within 2-3 weeks [78, 81, 324, 325].  
Healthy individuals are known to have circulating IgA antibodies against commensal bacteria 
[213]. Interestingly, binding of IgA does not appear to result in removal of targeted 
populations from the host [214, 215]. In fact, attachment of IgA to commensal bacteria results 
in downregulation of pro-inflammatory surface antigens, preventing activation of the mucosal 
immune system and promoting host tolerance towards commensals [28, 216]. Other studies 
have suggested that IgA plays a role in promoting bacterial colonisation of the gut through 
biofilm formation [326, 327]. However, the influence of host IgA recognition on gut microbial 
colonization is not clearly known. I postulate that IgA represents a key moderating influence 
on specific interactions between host and microbe throughout life. This is explored in two 
ways here – in development of gut homeostasis in early life and in terms of community 
structure resilience in adulthood. 
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My first aim was to test the hypothesis that specific recognition by host IgA impacts 
development of community stability and microbial colonisation outcomes in early life. Levels 
of microbe-bound-IgA were quantified by fluorescence microscopy and flow cytometry, before 
mapping to key time points in gut microbial colonization.  
I then tested if neonate IgA shows specific recognition of microbial populations, and if this 
differential binding contributes to gut colonization outcomes. Cell samples were fractionated 
to obtain IgA-bound and non-bound microbial populations. DGGE community profiles of 
fractionated samples were compared to the stable profile to determine if IgA-binding 
contributes to population persistence or removal from the neonate gastrointestinal tract. As in 
Chapter 3, DGGE analysis was chosen as a fast, reproducible method of detecting populations 
of > 1% relative abundance in a metagenomic sample and allows profiling of community 
differences over a temporal or spatial scale [20, 48, 267, 295]. 
A secondary aim was to examine the influence of microbial-binding by IgA on resilience of the 
adult gut community structure. Obese patients were placed on two different dietary regimens 
over 12 weeks, and changes in weight and various metabolic markers were recorded [328]. 
Gut community analysis showed that the degree of weight loss achieved after dietary 
intervention was correlated to the degree of community shift observed (Figure 4.2) (Connie 
Ha, pers. comm.). The ability of dietary intervention to induce weight loss and community shift 
was found to differ between study participants, suggesting different levels of stability (and 
therefore the resistance to diet-induced changes) within the gut community. 
 
Chapter 4: Influence of the Host Immune System on Gut Community Structure 81 
 
FIGURE 4.2  Correlation between weight loss success and community shifts in DGGE fingerprints. 
Multiple independent comparisons of Week 0 and Week 12 gut microbiota were obtained from DGGE 
gels and calculated by Dice coefficient. Each data point represents the mean shift of an individual’s 
microbiota over the course of 12 weeks. Mean ± standard deviation are indicated by the black bar. 
[n=12 for both diets, Western Diet (WD, in blue) and Korean Diet (KD, in red)]. P and r values for the 
entire dataset were derived from Pearson correlations. Diet specific statistics are indicated in 
parentheses for WD and square brackets for KD. Data obtained and graphs generated by Connie Ha 
(unpublished data). 
 
As IgA is known to contribute to the maintenance of host-microbe homeostasis by maintaining 
gut barrier integrity and downregulating host inflammatory responses [28, 80, 172, 184, 185, 
187, 216], I postulate that IgA-binding levels are a potential indicator of the homeostatic state 
of the gut system and therefore its resilience to dietary manipulation. 
To identify correlations between levels of IgA-bound gut microbial cells to the degree of diet-
induced community shift, I used flow cytometry to quantify baseline and final levels of IgA-
bound cells in those same patients for comparison with individual dietary intervention 
outcomes. In this way, I aim to determine if IgA-binding may be a useful marker of the gut 
community resistance to change, potentially aiding prediction of communities amenable to 
diet-based therapeutic manipulation. 
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4.2 Materials and Methods 
The same sample set used for analysis in Chapter 3 was also used in this chapter. Samples 
used for IgA analysis were from the 2006 pig trial run by Dr Bing Wang (then of the University 
of Sydney Human Nutrition Unit) with ethics approval from the Ethics Committee of the 
University of Sydney (Table 4.1). Trial conditions are described in section 3.2.1.1.  
4.2.1 Analysis of temporal community change in piglets 
The temporal characterisation of the piglet gut microbial community conducted in Chapter 3 
(methods described in section 3.2.1, results in section 3.3.1) was used to determine if all 
piglets showed characteristic microbial succession and development of stability. These results 
were then used to guide selection of samples spanning weeks 3 to 5 of age in piglet for IgA 
analysis. Table 4.1 shows the samples used for temporal analysis and the subset selected for 
IgA analysis (marked in green). 
TABLE 4.1 Samples collected during the 2006 pig trial. All samples marked for Pigs 1, 9 and 10 
were used for community analysis in Chapter 3. Coloured boxes (green) denote samples used in this 
chapter for IgA analysis. 
 
4.2.2 Cell washing and fixation   
Cells were washed and fixed as described in section 2.7.1. Briefly, 0.5 g of each faecal sample 
was homogenised in 5 ml 1X PBS (137 mM NaCl, 2.7 mM KCl, 4.5 mM Na2HPO4, 1.47 mM 
KH2PO4). Supernatant was collected from three rounds of centrifugation at 200 x g for 5 mins. 
The collected supernatant was centrifuged at 6 000 x g for 6 mins to pellet bacterial cells, 
before washing thrice with 1X PBS to remove any inhibitory materials and resuspension in PBS. 
The sample was fixed 1 volume to 3 in fresh 4% (w/v) paraformaldehyde in PBS overnight at 
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4°C. Fixed cells were pelleted by centrifuging at 5 000 x g for 5 mins at 4°C, then washed thrice 
with 1X PBS before resuspending and storing in 50% (v/v) ethanol:PBS at -20°C until analysis. 
4.2.3 Quantifying proportions of IgA-bound cells 
Three samples spanning weeks 3 to 5 from each of Pigs 1, 9 and 10 were chosen for analysis. 
Dr Tim Newsome and Dean Procter (University of Sydney) provided technical advice for the 
fluorescence microscopy in section 4.2.3.1. Dr Adrian Smith and Rob Salomon (Centenary 
Institute, Australia) provided technical advice for the flow analysis in sections 4.2.3.2 and 
4.2.4.1. 
4.2.3.1 Fluorescence microscopy using oligonucleotide-FISH and  
              antibody-FISH 
 50 µl of washed cells (OD600 of between 0.04 and 0.05) were hybridised as described in section 
2.7.2 using 5 ng/µl of a probe targeting Eubacteria labelled with Cy3 (EUB338: 5’-Cy3- 
GCTGCCTCCCGTAGGAGT-3’) [329]. Hybridisation was done in a 0.5 ml microfuge tube, at 51°C 
with 50 µl hybridisation buffer containing 20% formamide. The hybridised cells were 
resuspended in PBS after the final wash. 0.012 µg/µl of FITC-conjugated goat anti-pig-IgA 
(Bethyl Laboratories, USA) was added and the sample incubated for 30 mins at room 
temperature. The cells were washed twice with PBS before resuspending.  
TABLE 4.2 Probe combinations used for analysis of IgA-bound microbial cells using fluorescence 
microscopy. No probe controls (unhybridised cells) and single fluorophore controls (only hybridised to 
either Cy3-EUB338 or FITC-anti-pig-IgA) were prepared to control for autofluorescence and emission 
spectra overlap. The test sample was double-stained (hybridised to both Cy3-EUB338 and FITC-anti-pig-
IgA) to quantify IgA-bound cell levels by signal colocalisation. 
 
For each sample, four preparations were made as described above (Table 4.2): no probe 
(unhybridised cells) to control for autofluorescence, single fluorophore (only hybridised to 
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either Cy3-EUB338 or FITC-anti-pig-IgA) to test for overlap in emission spectra, and a double-
stained test sample (hybridised to both Cy3-EUB338 and FITC-anti-pig-IgA) to identify 
colocalisation and to quantify the proportion of IgA-bound cells. 
10 ul of each cell suspension was spotted onto a sterile teflon-coated microscope slide 
(ProSciTech, Australia) before analysis and cell-counting using an Olympus BX51 (Olympus, 
USA) with filter sets 31001 and 31002 (Chroma Technology Corp, USA). 10-15 fields of view 
were imaged for each sample, and the experiment was duplicated for all samples. Bacterial 
cells were defined by binding to Cy3-EUB338 and absorption/emission at 550/570 nm. An 
average of 6392 individual bacterial cells were counted per sample. 
4.2.3.2 Flow cytometry using antibody-FISH 
100 µl of washed cells (OD600 0.04 - 0.05) were incubated with 0.012 µg/µl FITC-conjugated 
goat anti-pig IgA (Bethyl Laboratories, USA) for 30 mins at room temperature. The cells were 
washed twice by spinning down and resuspending in PBS, before a final resuspension in 1 ml 
PBS. This was divided into two 500 µl aliquots and 2 µg propidium iodide (PI) was added to one 
aliquot to make a double-stained test sample with the other sample as a FITC-only control. 
Another 100 µl cells was prepared the same way, substituting the antibody with PBS to 
prepare no-probe and PI-only controls.  
Flow cytometry work was carried out at the Centenary Institute, University of Sydney, 
Australia using a BD FACS Canto II (Becton Dickinson Biosciences, USA). No-probe, PI-only and 
FITC-only controls were used for gating calibration before analysing the double-stained test 
sample. A slow-medium flow rate was used, counting 10 000 cells per sample. Each sample 
was counted twice and a minimum of three replicates for each sample from separate 
hybridisations was analysed.  
 
Chapter 4: Influence of the Host Immune System on Gut Community Structure 85 
 
4.2.4 Separation of IgA-bound and non-bound cell populations 
4.2.4.1 Magnetic separation 
100 µl of washed cells (OD600 0.04 - 0.05) were incubated with 0.012 µg/µl FITC-conjugated 
goat anti-pig IgA (Bethyl Laboratories, USA) for 30 mins at room temperature. The cells were 
washed twice with PBS before resuspending in PBS to a concentration of 1 x 108 cells/ml. 1 ml 
of diluted cells was fractionated using the EasySep FITC Positive Selection Kit (StemCell 
Technologies, USA) following manufacturer’s protocol. Briefly, cells were hybridised to anti-
IgA-FITC to single out IgA-bound cells for fractionation. Anti-FITC selection cocktail and 
magnetic particles were added to the sample tube and incubated before placing the sample 
tube into the magnet. IgA-bound cells were bound to the added magnetic particles and remain 
in the tube during washing and elution of the tube contents (Figure 4.3). Three eluates were 
collected. To retrieve the bound cells, the tube was removed from the magnet and cells 
washed and collected. 
 
FIGURE 4.3 Retrieval of IgA-depleted (Elution 1, 2, 3) and IgA-enriched fractions from cell samples using 
the EasySep magnetic system. Anti-FITC selection was used where magnetic particles were bound to anti-IgA-FITC 
on the surface of desired cells, which then adhere to the tube walls when placed in the magnet. Washing and 
elution removes cells lacking IgA and removal of the sample tube from the magnet allows retrieval of the fraction 
enriched in IgA-bound cells. 
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The fractionated sample concentrated by centrifugation and separation success was tested by 
FISH and fluorescent microscopy using the protocol described in section 4.2.3.1. Binding of the 
magnetic particles appeared to quench the signal to a level unsuitable for flow analysis. FISH-
microscopy was then employed to determine if successful enrichment/depletion of IgA-bound 
cells had been achieved before DGGE analysis of the cell fractions.   
4.2.4.2 DGGE analysis 
Cell samples fractionated by magnetic separation were PCR amplified using primers 968-F-GC 
and 1401R [265], targeting the V6 - V8 region of the 16S rDNA. PCR was performed as 
described in section 2.3.1 using 2 µl of each cell fraction (≈1 x 105 cells) as template. 
Unfractionated washed cells were also analysed to represent the whole (unfractionated) 
community. PCR products were confirmed by agarose gel electrophoresis using a 1.5% agarose 
gel in 0.5X TBE run at 180 V for 20 mins before ethidium bromide staining and UV visualisation 
(section 2.4.1). Primers CT10 [270] and 1942R [268], were also used to PCR amplify a region 
targeting the Clostridium leptum subgroup, in the fractionated samples. Primer target 
locations are shown in Figure 2.1 (section 2.3). A multiple alignment and phylogenetic tree 
showing the CT10 primer target range was made using BioEdit and ClustalW (Figure 4.4, Table 
4.3) [330, 331].  
                                
FIGURE 4.4 Dendrogram showing the target range of Clostridium leptum group-specific primer 
CT10 based on a 1381 bp sequence alignment. Sequences were aligned and dendrogram generated 
using BioEdit and ClustalW using the UPGMA method [330, 331]. 
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TABLE 4.3 Multiple alignment showing target sequence and reference sequences used to 
design the Clostridium leptum group-specific primer CT10. Only nucleotides differing from the target 
sequence are shown. Data was obtained from Claire Thompson (pers. comm.) and the primer CT10 was 
previously published in Thompson and Holmes 2009 [270]. 
*Similarities calculated with near-full-length 16S rDNA sequences using DNADIST in the PHYLIP package [332].  
 
DGGE was performed using the DCode system (Bio-Rad Laboratories, USA) as outlined in 
section 2.4.2, followed by silver staining as described in section 2.4.2.1 [274]. Gels were 
imaged using a GS-800 calibrated densitometer (Bio-Rad Laboratories, USA).  
Analysis of the gel images was done in Quantity One (Bio-Rad Laboratories, USA) as described 
in section 2.4.2.2. A match tolerance of 2% was used to match detected bands and a similarity 
matrix was constructed using the Dice Coefficient. All analyses were conducted within the 
same gel (lanes from different gels were not directly compared). Clustering dendrograms were 
constructed in Quantity One (Bio-Rad Laboratories, USA) using weighted data and the 
Unweighted Pair Group Method with Arithmethic Averages (UPGMA) method. Pairwise 
comparison values were collated from all gels run. Significance was tested using Two-way 
Analysis of Variance (ANOVA) and Tukey’s Honest Significant Difference (HSD) test for multiple 
comparisons, defined as                                    where Mi – Mj is the difference between the  
 
means of the pair being compared (i and j), MSE is the Mean Square Error and nh is the 
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harmonic mean of the sample sizes of groups i and j. ANOVA and Tukey’s HSD calculations 
were done in Excel 2007 (Microsoft, USA).  
 
4.2.5 Analysis of IgA-binding levels in humans on diet therapy  
This study was part of a larger weight loss study conducted in collaboration between the 
University of Sydney, Australia and Inje University, Korea. The study was approved by the 
Human Research Ethics Committee at the University of Sydney. Apart from the sample 
processing and flow cytometry analysis described below, all stool collection, patient data and 
total community profiling was conducted by Nicholas Fuller, Connie Ha and colleagues at the 
University of Sydney, Australia and Inje University, Korea [328]. 
4.2.5.1 Patients and sample collection 
70 patients were recruited based on inclusion and exclusion criteria, then randomised into two 
treatment groups – Korean Diet (KD) or Western Diet (WD). KD diet composition was higher in 
non-animal protein, total carbohydrate intake with lower fat consumption while WD diets 
were higher in total fat and saturated fats, animal protein and refined grains. KD group 
participants were provided pre-prepared Korean-style meals while WD group participants 
were provided with supermarket vouchers and advised on portion size and recipes consistent 
with the average macronutrient composition of the Australian diet. Patients were assessed 
before commencement of diets (baseline level: Week 0) and weight change was monitored 
over the 12 wk duration of the study. Faecal samples were obtained for analysis at baseline 
level (Week 0) and at the end of the study (Week 12). 
4.2.5.2 Sample processing and IgA analysis 
9 patients were chosen per diet group, 3 each from the low, medium and high weight loss 
categories (0-4%, 4-10% and 10-20% bodyweight, respectively). One baseline sample and one 
end sample was analysed per patient, giving a total of 36 samples analysed. Sample processing 
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and flow cytometry analysis was performed as described above (section 4.2.2, 4.2.3.2), 
substituting the anti-pig IgA with FITC-conjugated goat anti-human IgA (Bethyl Laboratories, 
USA). Data was compared with weight loss and community shift data to identify existing 
correlations. The level of blood C-reactive protein in all patients was also analysed to identify 
any correlations to obtained data. 
 
4.3 Results 
4.3.1 Colonization patterns of the piglet gut microbiota  
DGGE community profiling was conducted in Chapter 3 to map colonisation patterns in the 
piglet gut community using three piglets - Piglets 1, 9 and 10. Previous studies had found that 
the environment exerted a strong influence on gut community composition in weeks 3 to 4 of 
age in piglet, reflected as high similarity in DGGE gut community profiles of penmates 
compared to non-penmates (Figure 3.1) [281]. Piglets 9 and 10 were raised as penmates and 
therefore expected to have undergone parallel community development, representing 
pseudo-replicates for analysis. Piglet 1 was housed separately and expected to develop an 
independent gut community structure.  
DGGE analysis confirmed that the gut community in all three piglets had undergone 
characteristic microbial succession, attaining stability by week 5 (data in supplementary S1.1, 
Figures S1.2-1.4). Sample selection was aimed at spanning the period at week 4, prior to 
stability, and to determine if the previously observed drop in faecal free IgA at this time point 
was mirrored in IgA-bound cell levels (indicating a general lack of IgA in the neonate system) 
or if IgA-bound cell levels showed a steady increase (indicating saturation of neonate-
produced IgA).  
Chapter 4: Influence of the Host Immune System on Gut Community Structure 90 
 
Three samples were selected from each piglet, spanning weeks 3, 4 and 5 of age (day 16/17, 
day 23 and day 34), for further quantification of the levels of IgA-bound cells in the 
community, and to analyse the impact of IgA-binding on microbial community development. 
4.3.2 Quantification of levels of IgA-bound microbes in the piglet gut 
It was previously shown that faecal free IgA levels showed a significant drop during the period 
during which the environment was observed to have a strong influence on gut community 
structure (Figure 4.1). I hypothesise that this demonstrates the changeover between decline of 
non-specific maternal IgA and production of specific neonate IgA, and that levels of cell-bound 
IgA would instead show a steady increase during this period up to the onset of stability at 
week 5 of age. To test this, the proportions of IgA-bound cells in the gut were analysed by two 
fluorescence in situ based methods – fluorescence microscopy (section 4.3.2.1) and flow 
cytometry (section 4.3.2.2). 
4.3.2.1 FISH and fluorescence microscopy 
Faecal samples from the selected time-points were homogenised and washed to obtain a 
clean preparation of microbial cells for fixing and analysis (see supplementary S2.2). For each 
sample, four preparations were made: unhybridised controls to control for autofluorescence, 
Cy3-EUB338 -only and anti-IgA-FITC-only controls to test for overlap in emission spectra and 
double-stained test sample to identify colocalisation and to quantify the proportion of IgA-
bound cells (Table 4.2). 
10-15 fields of view were imaged for each sample, and the experiment was duplicated for all 
samples. An average of 6 392 individual bacterial cells were counted per sample (defined by 
binding to Cy3-EUB338 and absorption/emission at 550/570 nm).  
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FIGURE 4.5 Identification of microbial cells bound to IgA using FISH and fluorescence 
microscopy. Cy3-EUB338 signal indicates bacterial cells (A) and anti-IgA-FITC indicates the presence of 
IgA (B). Colocalisation of both signals appears as a yellow colour in the merged images (C) and indicates 
bacterial cells bound to IgA (blue arrows). The degree of IgA bound to cells was found to differ between 
cells (seen as differences in the amount of yellow in the merge). 
 
Binding of anti-IgA-FITC was defined by absorption/emission at 488/518 nm (false-coloured 
green in Figure 4.5B) and only regions colocalising to Cy3-EUB338-positive cells (false-coloured 
red in Figure 4.5A) were considered valid as microbial cells bound to IgA (yellow in the merged 
image in Figure 4.5C). Variances in the degree of IgA bound to cells were also observed 
between cells (seen as differences in the amount of yellow in the merge). These colocalised 
signals were counted for all the fields of view and converted to a percentage of bacterial cells 
bound to IgA compared to the total bacterial cell count.  
FISH-microscopy on samples from three piglets over weeks 3 to 5 of age indicated that IgA 
binds microbial cells in the neonate piglet gut and the proportion of bound cells increases 
steadily from weeks 3 to 5 (Figure 4.6). 
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FIGURE 4.6 Gradual increases in the proportion of IgA-bound microbial cells compared to the 
total bacterial count (as defined by binding to Cy3-EUB338 and absorption/emission at 550/570 nm) 
from weeks 3 to 5 of age in three piglets. An average of 6 392 cells were counted for each sample. 
Highly significant differences (p-value < 0.01) were found between the levels of IgA-bound microbial 
cells at 3 and 5 weeks of age in piglets. 
 
4.3.2.2 Flow cytometry analysis 
 
For each sample, four preparations were made: unhybridised, PI-only and anti-IgA-FITC-only 
controls and a double-stained test sample. The unhybridised and single probe samples were 
used to control for and define gating parameters for flow analysis using a BD FACS Canto II 
(Becton Dickinson Biosciences, USA) (Figure 4.7).  
Events positive for PI were considered to be microbial cells. Events positive for both FITC and 
PI were considered to be IgA-bound microbial cells. Hybridisations and quantification were 
done thrice with samples analysed in duplicate. 10 000 events were counted per replicate and 
the percentage of PI+/FITC+ events over the total PI+ events were recorded. 
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FIGURE 4.7 Use of unstained and single-stained controls to define gating parameters for flow 
counting of IgA-bound cells. Gate 1 (P1) was defined based on the unstained and PI-only control to 
include only events (microbial cells) appearing in the PI-detection range for the PI-only control. The 
secondary gate (P2) was defined based on the unstained and the FITC-only control to include only 
events (IgA-bound particles) appearing in the FITC-detection range for the FITC-only control. Values for 
IgA-bound microbial cells were obtained using the double stained test sample by counting only events 
satisfying both gates defined by the controls. 
 
FIGURE 4.8 Gradual increases in the proportion of IgA-bound microbial cells compared to the 
total bacterial count (as defined by a positive PI signal) from weeks 3 to 5 of age in three piglets. 
Highly significant differences (p-value < 0.01) were found between the levels of IgA-bound microbial 
cells at 3 and 5 weeks of age in piglets. 
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Results from flow cytometry analyses confirmed the trend observed with FISH-microscopy – 
levels of IgA-binding to gut microbial cells rise from week 3 to 5. Despite the dip in free IgA 
observed previously in week 4, the proportion of cells bound to IgA within the gut steadily 
increase from weeks 3 to 5 (Figure 4.8). 
4.3.3 Separation of microbial populations in IgA-bound and unbound 
fractions 
Separation was initially attempted using flow sorting with the BD FACS Aria (Becton Dickinson 
Biosciences, USA). Samples were prepared as in section 4.2.3.2 and gating was conducted as in 
section 4.3.2.2. Preliminary counts using the BD FACS Aria appeared to agree with the trends 
observed with FISH-microscopy and the BD FACS Canto II (Figure 4.9). 
FIGURE 4.9 Gates defined for flow sorting using the BD FACS Aria. Microbial cells above the 
control signal threshold for PI are coloured in red. These events are divided into two subsets: PI+ FITC- 
indicating non-IgA-bound microbial cells (blue), and PI+ FITC+ indicating IgA-bound microbial cells 
(magenta). Sorting was conducted to isolate these two fractions. 
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However, analysis of the fractionated sample after attempted sorting showed that a large 
portion of cells from the gated fraction still presented outside of the designated gate. At the 
time of analysis, the BD FACS Aria available for flow sorting was not able to successfully sort 
microbial cells due to the small size. Magnetic separation of cells fractions was then conducted 
as an alternative approach. 
The fractionated sample was examined by flow analysis to determine if specific fractions had 
been enriched for, or depleted of IgA-bound cells. However, binding of the magnetic particles 
appeared to quench the signal to a level unsuitable for flow analysis. FISH-microscopy was 
then employed to determine if successful enrichment/depletion of IgA-bound cells had been 
achieved.  
FIGURE 4.10 Fluorescent images showing little to no FITC signal (green) in the IgA-depleted 
fraction (A) and a strong increase in FITC signal in the IgA-enriched fraction (B). Microbial cells appear 
red and IgA/FITC appears green. Colocalisation appears as a yellow colour and indicates IgA-bound 
microbial cells. 
 
Eluted fractions were found to exhibit little to no signal for anti-IgA-FITC whereas signal 
enrichment was observed in the retrieved fraction (Figure 4.10).  Successful enrichment of IgA-
bound cells in the retrieved fraction was confirmed to have occurred. 
 
Chapter 4: Influence of the Host Immune System on Gut Community Structure 96 
 
4.3.4 DGGE analysis of piglet gut microbial populations recognised and 
bound by IgA 
PCR was conducted using whole community DNA in addition to the fractions enriched and 
depleted in IgA. A total of 9 DGGE gels were run and analysed using primer set 968-F-GC and 
1401R. A further 4 DGGE gels were run using the Clostridium leptum subgroup-specific primer 
CT10 and the 16S universal primer 1492R. Example gels are shown in supplementary S2.3. 
To determine if IgA binding targeted a population distinct from the unbound population, DGGE 
analysis was conducted to calculate pairwise comparisons between the community profiles 
obtained for the IgA-bound fraction and the non-bound fraction (Figure 4.11). 
 
FIGURE 4.11 Pairwise comparisons were made between the DGGE community profiles of the IgA-
bound and non-IgA-bound fractions from weeks 3 to 5 of age in piglets to determine if the gut 
microbial populations targeted by IgA are distinct from those remaining unbound. 
 
Community analysis of the IgA-bound fractions and non-bound fractions showed that distinct 
community profiles were observed between the populations recognised by IgA and unbound 
populations (Table 4.4, full data in supplementary S2.3). This was observed both in the sample 
set amplified using universal 16S primers and Clostridium leptum group-specific primers. 
Pairwise comparisons also showed that in both sample sets, community profiles diverged 
further at week 5 compared to week 3, although not to a significant degree. 
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TABLE 4.4 Similarity values obtained by pairwise comparisons between the DGGE community 
profiles of the IgA-bound and non-IgA-bound fractions from weeks 3 to 5 of age in piglets. Gut 
microbial populations targeted by IgA were found to be distinct from those remaining unbound. 
 
4.3.5 DGGE analysis of IgA-binding impact on colonisation outcomes of 
microbial populations in the piglet gut community 
 
To determine the impact of IgA-binding on microbial colonisation outcomes in the piglet gut, 
clustering dendrograms were constructed using the UPGMA method with weighted data from 
the same 13 DGGE gels analysed in section 4.3.4. This was done to determine if IgA-bound or 
non-bound community profiles clustered more closely to the final community outcome (the 
Week 5 whole community profile), thus indicating if bound populations were related to 
persistence or removal from the gut community. Examples of dendrograms constructed are 
shown in supplementary S2.4. 
Analysis of the dendrograms did not identify any significant differences between clustering of 
IgA-bound or non-bound community profiles in Weeks 4 and 5 to the final community profile 
at 5 weeks of age in piglets. In 12 of the 13 dendrograms generated, IgA-bound community 
profiles in Week 3 were found to consistently cluster away from the final community profile. 
This may indicate that binding of IgA in week 3 results in removal of bound populations from 
the gut community. Alternatively, it may be the case that any influence exerted by host IgA-
binding on colonisation outcomes commences after this period. If true, this would coincide 
with the key window of time previously observed during which the environment has a large 
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impact on the final colonisation outcome (Figure 4.1) [281]. However, the fact that the week 3 
community profile is also most dissimilar from the week 5 profile may contribute to this 
observation and cannot be discounted. 
 
4.3.6 Attempting to identify correlations between levels of IgA-bound 
gut microbes and degree of diet-induced weight loss and gut community 
shift in obese patients 
 
Flow cytometry was used to analyse the relationship between levels of IgA-bound microbial 
cells in obese patients and the resistance of the gut community to diet-induced community 
shifts. Analysis of DGGE community profiles had previously shown that community shifts were 
positively correlated to degree of weight loss success in these patients (Figure 4.2) (Connie Ha, 
unpublished data).  
A total of 18 samples were analysed, 9 from each of the two diet treatments (3 each from the 
low, medium and high weight loss categories). The proportion of IgA-bound cells was 
measured from samples at the start of the study (baseline) and at completion at week 12 
(end). Each sample was analysed in triplicate and the median values were tabulated to include 
the change in percentage of IgA-bound cells in the whole community, starting body mass index 
(BMI), weight loss (%), community shift (%) over the study duration (Table 4.5). 
Data was separated into the two treatment groups and analysed separately to determine any 
diet treatment-specific correlations, and then combined and reanalysed. Two questions were 
explored: 1) the impact of initial levels of IgA-bound microbial populations on degree of weight 
loss and community shift observed, and 2) if changes in levels of IgA-bound gut microbial 
populations were correlated to degree of weight loss and community shift observed. Statistical 
evaluation was conducted in Excel 2007 (Microsoft, USA) using  ANOVA and Tukey’s HSD. 
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TABLE 4.5  IgA-bound microbial population percentages from patients on Korean or Western 
diet treatment at baseline and at study completion (end). The shading indicates low to high levels of 
IgA-bound cells (light to dark gradient). Patient BMI at baseline and study completion, weight loss (%) 
and community shift (%) from study baseline to end are also tabulated.
 
 
However, no correlation was found between starting levels of IgA-bound cell populations and 
the degree of community shift or weight loss achieved on either diet separately or together. 
This suggests that the community shift previously observed using DGGE gels is due to changes 
in relative abundance of existing populations (observed on DGGE gels as change in band 
intensity, new bands if relative abundance increases above 1%, and lost bands if relative 
abundance decreases below 1%). Change in the population types present would be expected 
to alter the proportion of IgA-bound cells but changes in relative abundances of existing 
populations may not result in a detectable difference in IgA-bound cell proportions. 
When compared to the degree of weight loss achieved, no significant trend of increase or 
decrease in IgA-bound cell populations was found corresponding to either diet separately or 
with treatments combined (supplementary S2.7). 
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FIGURE 4.12 The level of C-reactive protein is weakly correlated to proportion of cells bound to 
IgA in the gut. CRP levels were obtained from 18 patients at baseline and after 12 weeks (study end) 
and compared to the percentage of IgA-bound cells observed in faecal samples at both time points 
(n=36). Normal blood CRP levels range between 0 to 3 mg/L. 
 
The level of C-reactive protein (CRP) in patient blood was also obtained at baseline and study 
end (data in supplementary S2.6). A weak correlation was observed between baseline levels of 
patient blood CRP and the proportion of IgA-bound cells present in the gut (Figure 4.12). It 
also appears that excessive levels of blood CRP (> 4 mg/L) are only present when < 30% of cells 
are IgA-bound. However, no correlations were found between baseline/end/change in CRP 
levels and weight loss success. Gender also did not affect weight loss outcome, levels of IgA-
binding or blood CRP.  
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4.4 Discussion 
4.4.1 IgA saturation in the neonate system coincides with a critical 
window of environmental influence on gut microbial community 
outcomes 
 
Fluorescent microscopy and flow cytometry analysis showed that the proportion of cells 
bound to IgA steadily increased from 16 to 34 days of age, contrary to the drop observed 
previously in free IgA (Figure 4.13). Although levels of IgA-bound cells recorded were different 
between the two methods due to differences in detection thresholds, this trend was 
consistent between methods and within replicates done using each method.  
Previous work in the lab identified the existence of a period termed the “critical window”, 
occurring prior to establishment of a stable gut microbiota structure, during which the 
environment exerts a high impact on community structure outcomes [270, 281]. 
Measurements of piglet free faecal IgA previously showed a large drop corresponding to this 
critical window at 3 - 4 weeks of age (Figure 4.13) [281]. This drop was postulated to 
correspond to a lag period between decline of maternally-conferred IgA and production of 
neonate IgA.  
However, when I mapped levels of IgA-bound cells to timepoints in gut community structure 
development, the gradual increase in levels of IgA-bound cells was found to bracket this 
critical window (Figure 4.14). This indicates that despite the drop in faecal free IgA observed 
previously, IgA is present and bound to microbial cells at considerable levels during this period. 
In piglets, key elements of the mucosal induction system develop in the first two weeks of life, 
with organized Peyer’s patches present by 12 days of age [333]. Data presented here suggests 
that neonate production of IgA capable of recognizing and actively binding gut microbes 
commences by 3 weeks of age.  
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FIGURE 4.13 Drop in faecal free IgA observed at 20 days of age observed due to saturation of 
available IgA in the gut system. Number of pigs profiled for each data set is given by the n-value. (A) 
Levels of faecal free IgA quantified by enzyme-linked immuno sorbent assay (ELISA) with data from 
multiple piglets averaged within each of 5 age-defined sample sets (days 3-7, 10-13, 20-21, 28, 36). High 
levels of maternally-conferred free IgA are observed initially but free IgA quickly decreases to a low at 
day 20-21, before gradually rising as IgA production by the neonate host increases (Claire Thompson, 
pers. comm.). (B) FISH (orange) and FCM (green) analyses from 3 piglets at days 16, 23 and 34 of age 
show that neonate IgA production and IgA-binding to gut microbes begins by day 16 but saturation 
results in reduced levels of observable free IgA.  
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I predict that in these initial stages of IgA production, available IgA in the gut system reaches 
binding saturation, accounting for the previously described drop in faecal free IgA. This period 
of IgA saturation overlaps with the critical window of environmental influence, with both 
events directly preceding the establishment of stability of the gut community. IgA is known to 
be capable of limiting epithelial penetration and constraining bacterial attachment as well as 
interacting with host immune molecules and inducing bacterial gene expression. The fitness of 
a strain in the gut ecosystem is likely to be influenced by its ability to be recognized by host 
IgA. As such, binding by host IgA may contribute to recognition of gut colonisers during the 
critical window, influencing colonisation outcomes in the host gut. 
As neonate IgA production increases, the availability of IgA in the gut also increases until 
saturating levels of IgA are reached at 5 weeks of age. This is supported by the previous 
observation of high levels of free faecal IgA at this time. When correlated to key points in 
community structure development, the coincidence of these events at 5 weeks of age in 
piglets suggests that the presence of saturating levels of IgA may be linked to the onset of 
stability in the piglet gut microbial community. 
 
4.4.2 IgA recognises a distinct microbial population and potentially 
influences gut colonisation outcomes 
 
Using DGGE community profiles comparisons between IgA-bound and non-bound cell 
fractions, I was able to show that populations recognised and bound by IgA are distinct from 
those remaining unbound, with further divergence from weeks 3 to 5 of age in the piglet host. 
This shows that host IgA present in early life shows some degree of specificity and is capable of 
targeting and binding selected microbial populations in the gut. 
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Correlations between colonisation outcomes and binding by host IgA during the critical 
window at 4 weeks of age were then explored by comparing IgA-bound and non-bound 
fractions at 4 weeks of age to the final stable profile. In the context of this study and under the 
constraints of the DGGE profiling method, I was unable to determine if IgA-binding exerted a 
positive or negative impact on colonisation success of bound populations in the piglet gut. 
However, I was able to demonstrate that the onset of apparent influence of IgA-binding on 
colonisation outcomes in the piglet gut microbial community coincides with the cohabitation 
effect previously observed at 4 weeks of age.  
In combination with DGGE profiling clearly demonstrating some degree of specific recognition 
and binding by IgA, it appears that IgA-binding may contribute to host recognition of bacteria 
during this critical window and potentially influence colonisation outcomes in the developing 
gut community structure. Application of current high-throughput sequencing technologies to 
fractionated and unfractionated samples would allow validation of the results observed 
through DGGE analysis. This would also allow thorough characterisation of populations 
recognised by IgA as well as clarification of the impact of IgA binding on colonisation outcomes 
in the neonate host gut.  
 
4.4.3 Levels of IgA-binding to gut microbial cells are a potential 
indicator of gut community stability 
 
The degree of weight loss in obese patients achieved through dietary intervention was 
previously observed to correlate to the degree of community shift observed in the gut 
microbiota (Figure 4.2). Varying degrees of weight loss and community shift were found to 
occur between study participants regardless of dietary regimen, suggesting different levels of 
gut community stability and resistance to diet-induced shift. 
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As the binding of gut microbes by IgA is known to contribute to maintenance of gut 
homeostasis [28, 80, 172, 184, 185, 187, 216], I examined the suitability of IgA-binding levels 
as a predictor of gut community resistance to diet-induced shifts. If levels of IgA-binding are 
truly informative of the stability of the existing gut community structure, I would expect that 
those patients demonstrating the greatest degree of gut community shift (and weight loss) 
would demonstrate low baseline levels of IgA indicating a less stable starting community more 
amenable to change.  
When baseline levels of IgA were compared with the degree of community shift induced by 
dietary intervention, no significant correlations were found between the two factors. I also 
observed that shifts in IgA-binding levels after dietary treatment were not significantly 
associated with degree of community shift experienced, despite previous evidence showing 
changes in levels of IgA-bound cells corresponding to weight loss [334, 335].  
If diet-induced community shift occurs through acquisition of new populations or loss of 
existing populations, IgA-bound cell levels are expected to reflect these changes. However, if 
changes in population relative abundances are the dominant way in which dietary 
manipulation alters the gut community, IgA-bound cell levels may not be predictably 
correlated to diet-induced community shift. 
In this study, a small subset of 18 patients was selected to allow a rapid overview of the 
relationship between IgA-bound cell levels and diet-induced community shifts after weight 
loss therapy. As a much larger sample pool is available, further investigation utilising the full 
set of 70 patients would provide greater statistical power and potentially clarify if levels of IgA 
bound to microbial cells in the gut are a suitable predictor of gut community stability. 
I additionally observed a mild inverse relationship between the level of IgA-bound cells and C-
reactive protein (CRP) in patient blood (Figure 4.12). CRP is a sensitive marker of low-grade 
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systemic inflammation and is associated with obesity, cardiovascular disease and metabolic 
syndrome [336-339]. Binding of gut populations by IgA facilitates gut barrier integrity and 
downregulates the host inflammatory response [28, 80, 172, 184, 185, 187, 216]. Reduction in 
IgA-bound cells is expected to decrease immune exclusion, reducing intestinal barrier function 
and allowing luminal bacteria to penetrate the gut epithelia. Stimulation of the mucosal 
immune system would induce inflammatory responses, accounting for the observed increase 
in blood CRP levels.  
Previous studies have shown that reduction in visceral fat mass and increased exercise result 
in lowered systemic CRP levels [340, 341]. However, no links were found between CRP levels 
and degree of weight loss or success of dietary therapy in the 18 patients analysed. It should 
be noted though, that in the majority of patients analysed (78% at baseline; 72% at study end: 
data in supplementary Table S2.2), CRP levels were within standard levels both before and 
after dietary therapy. 
 
4.4.4 Conclusion 
 
As the dominant immunoglobulin in mucosal secretions, the function of IgA in the gut may 
well extend beyond immune exclusion. Several studies have shown that IgA deficiencies result 
in aberrant expansion of the intestinal microbiota, indicating a role in modulation of the 
microbial community in the host gut [161, 342, 343]. Previous observations have indicated a 
correlation between levels of free faecal IgA and key points in development of the neonate gut 
community structure  
I have further explored this concept by examining the role of interactions between host IgA 
and gut microbes in development of gut community stability and determination of 
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colonisation outcomes in early life. By directly analysing proportions of cells bound to IgA in 
the gut, I have shown that microbes are selectively recognised and bound by host IgA from 3 
weeks of age in piglets, with binding potentially impacting colonisation outcomes.  
As this ability of host IgA to distinguish between microbial populations overlaps with the 
critical window at 3 - 4 weeks of age during which environment appears to exert a high 
influence on community composition, I postulate that “chance” exposure to environmental 
microbes during this period is not the only factor involved in determining gut community 
composition – recognition by host IgA at this key point in development may have a 
deterministic effect on colonisation outcomes. Although the exact impact of IgA-binding 
remains unclear, high-throughput sequencing would allow comprehensive characterisation of 
exactly which populations are recognised and if these are then selected for persistence or 
removal from the gut.  
In addition, I observed variation in the degree of IgA bound to each cell, potentially influencing 
the response of the host immune system to bound populations. Gut-associated Bacteroides 
are known to exhibit a large repertoire of genes involved in surface carbohydrate production, 
which may allow these commensals to dynamically alter their immunogenic epitopes and 
prevent excessive induction of the host immune system [344-349]. While attachment of IgA to 
commensal bacteria is known to promote host tolerance by downregulating pro-inflammatory 
bacterial antigens [28, 216], it is possible that those microbial groups excessively inducing host 
IgA may be selected against in the gut. I hypothesise that moderate to low IgA induction from 
bacterial groups introduced in early life may facilitate host recognition and tolerance, thus 
enabling these groups to persist in the gut.  
At the time this study was conducted, fine-scale sorting of bacterial cells was not readily 
available but current flow sorters are capable of fine-scale gating of cells based on the degree 
of IgA bound to populations. Microbial recognition and binding by host IgA has definite 
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potential as a regulator of gut colonisation outcomes and further investigation would clarify 
the correlation between the degree of IgA induced and bound to specific cell populations, and 
colonisation success of these groups in the gut ecosystem.  
Interactions between microbial surface antigens and components of the host adaptive 
immune response such as IgA modulates the host immune response and influences 
colonisation success of different populations in the neonate gut. Understanding exactly how 
these interactions control gut colonisation outcomes will improve our ability to therapeutically 
manipulate the gut microbiota towards a healthy state via introduction and maintenance of 
desired bacterial groups within the gut microbiota structure. 
  
 
 
CHAPTER 5 
 
 
 
Influence of Diet on Relative 
Abundance of Microbial Groups 
in the Gastrointestinal Tract 
 
 
 
Chapter 5: Influence of Host Diet on Gut Community Structure 109 
 
5  INFLUENCE OF DIET ON RELATIVE ABUNDANCE OF MICROBIAL 
GROUPS IN THE GASTROINTESTINAL TRACT 
 
5.1 Introduction 
 
When considering modulation of the gut microbiota structure for therapeutic outcomes, 
properties of the host and environment constraining microbial colonisation must first be 
understood. Two major factors are known to influence gut community composition – 
fundamental properties of the gut environment, and nutrient availability.  
While properties of the gut environment vary spatially with anatomical structure, nutrient 
availability varies both spatially and temporally according to host dietary intake. The relative 
ease with which dietary interventions can be implemented means that nutrient availability can 
be manipulated to induce shifts in the gut community structure.  
Previous work has demonstrated that the gut microbiota structure is strongly influenced by 
diet, with sustained community shifts linked to host dietary patterns in the long term [73, 230, 
233, 256, 257]. However, to efficiently explore dietary modulation as a driver of community 
shift in the gut, we must first be aware of the base constraints placed upon microbial 
colonisation by the host anatomy. 
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FIGURE 5.1 Variation in microbial density and environmental factors occurs along the length of 
the gastrointestinal tract. Bacterial density and transit time of intestinal contents increase while acidity 
and oxygen availability decrease from the stomach to the colon.  
 
Within the gut, microbial density and diversity varies along the length of the gastrointestinal 
tract (GIT) depending on physicochemical properties specific to anatomical location (Figure 
5.1). In the stomach, nutrient and oxygen availabilities are high but microbial colonization is 
limited by the rapid emptying rate and low pH present [8]. Contents of the stomach then pass 
into the small intestine where the majority of host nutrient absorption occurs.  
Transit time of gastrointestinal contents through the small intestine varies from 1 to 4 hours 
before passing into the large intestine where transit time is longest and microbial density 
reaches its peak. Here, microbial fermentation results in breakdown of dietary 
macromolecules resistant to host digestion [4, 10, 11]. Oxygen availability decreases along the 
length of the gastrointestinal tract, with anaerobic populations dominating in the colon [3].   
Various studies have analysed differences between communities inhabiting different gut 
compartments, and between mucosa and faecal communities with varying results. Table 5.1 
summarises some of the techniques and findings obtained.   
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TABLE 5.1 Summary of previous analyses comparing the gut microbial community in different 
gut compartments and faecal samples. 
  METHOD AND FINDINGS (HOST, SAMPLE SIZE) 
SAMPLING SITES 
REF 
Ileum Cecum Colon Rectum Faeces 
Denaturing gradient gel electrophoresis (Pig, 3) 
     [275] 
  No significant community profile shift between sites* 
  
Pyrosequencing and microarray analysis (Human, 3) 
     [350]  
  Similar community profiles obtained for ileum and faecal samples       
Denaturing gradient gel electrophoresis (Rat, 16) 
      [351] 
  Similar community profiles obtained for cecum and colon samples 
   
Anaerobic culture (Pig, 28) 
      [352] 
  Cecum and colon isolate counts differ on various substrates 
   
Quantitative PCR (Human, 26) 
   
  
   
    
[17] 
  Relative abundance differences of specific taxa at sites tested     
 
Temperature gradient gel electrophoresis (Human, 35) 
     [353] 
  Faecal community profiles differ from other sites tested   
Quantitative PCR (Mouse, 3) 
     [354] 
  Relative abundance differences of ASF** components between sites 
   
Denaturing gradient gel electrophoresis (Human, 10) 
     [355] 
  Faecal community profiles differ from colon profiles 
   
16S Cloning and sequencing (Human, 2) 
     [4] 
  Increase in bacterial types along the gastrointestinal tract 
  
* values used for diversity indices: Shannon 2.19–2.53, Simpson 0.09–0.17 and Even-ness 0.65–0.84 
    
 
** Altered Schaedler Flora 
     
 
 
While faecal samples are a commonly used method of tracking community dynamics, existing 
evidence of how well faecal samples represent the microbial community upstream gut 
compartments is contrary. Community fingerprinting previously showed that population types 
present in the faeces were different from those in the colon [353, 355], while pyrosequencing 
and microarray analysis showed that faecal and ileal community profiles were similar [350]. It 
remains though, that faecal sampling represents the most practical and non-invasive method 
of longitudinal sampling of the intestinal microbiota. 
I aim to examine the microbial community in the cecum and colon to determine if formed 
stool samples (colon content and faeces) are a suitable surrogate for the microbial community 
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dynamics in the proximal end of the colon. The location of the cecum at the end of the ileum 
and start of the colon represents a transition point between the two environments. While 
DGGE community profiling and culture studies have previously examined differences in the 
cecum and colon microbiota [351, 352, 356], few high-throughput metagenomic analyses have 
catalogued community differences between these sites. 
Here, I used high-throughput pyrosequencing to characterise cecal and colonic microbiota of 
mice placed on diets with differing energy densities and macronutrient ratios. Mice were 
culled at 15 months of age and DNA was extracted from the cecal and colonic contents before 
barcoded pyrosequencing of the V6 to V8 region of the 16S rRNA. Relative abundances of 
microbial taxa were examined at three levels – class, family and genus. 
The use of sequence-based community analyses for detecting biological patterns is highly-
dependent on the scale of biological observation employed. This is particularly relevant to the 
gut ecosystem as immense phylotype variation occurs at the species and strain level (defined 
as > 97% sequence ID in phylogenetic analyses) with only two groups dominating at the 
phylum level (85% sequence ID) (Figure 1.2) [2, 28, 145]. This pattern of shallow, wide 
phylotype radiation means analyses at higher taxonomic levels have a limited capacity to 
observe effects and any detected are likely to be related to fundamental aspects of the host 
such as genetics and anatomy. On the other hand, analyses at the fine scale have a higher 
capacity to demonstrate differences in community composition associated with niche 
specialization and metabolic activity. By analysing pyrosequencing data at three different 
taxonomic levels, I expect to increase the ability to differentiate between these effects. 
The first step conducted was to establish a baseline understanding of differences in microbiota 
structure attributed to anatomical location of the sampling site. To do this, I examined 
differences between the cecum and colon microbiota in mice maintained on standard chow. 
Nutrient availability is thought to potentially differ as the location of the cecum further 
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upstream exposes the cecal microbiota to content from the ileum where the faster transit 
time and lower microbial density limits prior microbial breakdown. By first determining if any 
fundamental differences exist purely based on anatomical location, any changes induced by 
dietary manipulation can be attributed correctly to changes in energy or macronutrient intake.  
Following on, my second aim is to analyse the response of the microbial community to 
changes in dietary energy density, and to identify if microbial groups in the cecum and colon 
respond differentially to these changes. Reduction in dietary energy density is expected to 
result in more frequent ingestion of food as the host attempts to compensate for the low 
energy diet. This in turn increases the rate of passage of gastrointestinal contents through the 
gut. I predict that a combination of these factors will result in changes in availability of host-
ingested nutrients to microbes in the gut. 
The final aim was to identify the response of microbial taxa in the cecum and colon to changes 
in dietary protein, carbohydrate or fat content, in addition to any differential responses 
between the two sites. Macronutrient composition and the ratio of host-resistant 
macromolecules in the diet have previously been known to selectively influence gut 
community composition [20, 41, 73]. Differences in digestion resistance and the selective 
effect of different macronutrients are expected to contribute to shifts in relative abundance of 
microbial taxa in response to changes in these macronutrient ratios. 
By systematic analysis of variables constraining gut community composition, greater 
understanding of diet-induced community shifts can be gained to better inform design of 
future community studies and development of efficient dietary interventions for therapeutic 
purposes. 
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5.2  Materials and Methods 
5.2.1 Animals and sample collection 
 
This study was part of a larger 3-year study involving C57/BL6 mice conducted by Dr Aisling 
McMahon (Anzac Research Institute, Australia) and Samantha Solon (University of Sydney, 
Australia) with ethics approval from the Animal Ethics Committee of the University of Sydney. 
The experiment was designed around a geometric framework developed by Professor Steve 
Simpson (University of Sydney, Australia) and collaborators to visualize the multifactorial 
interactions in nutrition [357]. By controlling two main variables (diet composition/ 
macronutrient ratio and nutrient intake), this experimental approach allows consideration of 
all possible compositions of nutrient intake and illustrates the impact of these on host animal 
health. 
By plotting nutrient intake for each experimental animal on a nutrient resource space, diet 
response can be plotted to enable visualisation of how the host response to nutrition changes 
with food intake. In this study, a nutrient resource space for the mouse gut microbiome was 
defined by maintaining mice on diets of defined macronutrient composition. These diets 
encompassed ten different protein:carbohydrate:fat ratios at three different dietary energy 
densities (2, 3 and 4 kcal/g) (Full diet compositions in supplementary S3.1).  
A total of 30 mice were maintained per diet type. Mice were kept in pairs and food intake was 
monitored throughout the duration of the study (study details in supplementary S3.1). Faecal 
pellets were also obtained from the mice during the course of the study. At 15 months of age, 
a subset of mice from each treatment group was euthanized. Retrieval of contents from the 
cecum and distal colonic pellets for analysis was conducted by myself, Feyza Colakoglu and 
Andrew Holmes.  
 
Chapter 5: Influence of Host Diet on Gut Community Structure 115 
 
5.2.2 DNA Extraction 
5 mg of each mouse sample (faecal, colon content and cecal content) was homogenised in 1 
ml of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5). DNA extraction was carried out by Feyza 
Colakoglu at the University of Sydney, as outlined previously in section 2.2. DNA yield was 
measured using a Nanodrop 1000 (ThermoScientific, USA). 
5.2.3 Pyrosequencing 
Samples were sent for pyrosequencing using Bacterial Tag-Encoded FLX Amplicon 
Pyrosequencing (bTEFAP) with primers 939F (5’-TTGACGGGGGCCCGCAC-3’) and 1492R (5’-
TACCTTGTTAACGACTT-3’) as previously described [358].  
The following steps were performed by the Research and Testing Laboratory (Lubbock, TX, 
USA) based upon RTL protocols. Initial generation of the sequencing library utilized a one-step 
PCR with a total of 30 cycles, a mixture of Hot Start and Hot Start High Fidelity Taq 
polymerases, and amplicons originating and extending from the 27F for bacterial diversity.  
This was followed by Tag-encoded FLX amplicon pyrosequencing analyses utilising a Roche 454 
FLX instrument with Titanium reagents and procedures. Retrieved sequences were quality 
filtered according to length, quality score and to remove chimeras. Remaining reads were 
assigned to taxa by BLAST against a reference database.  
5.2.4 Bacterial relative abundances in the colon and cecum 
Data obtained from pyrosequencing was separated into groups at the family, class and genus 
level, according to diet composition, energy density and sample origin. Relative abundances of 
bacterial types were analysed using Excel 2007 (Microsoft, USA) and Calypso V3.2 (Lutz Krause, 
QIMR. Available online at: http://bioinfo.qimr.edu.au/calypso/faces/uploadFiles.jsp) to 
identify any significant differences between data from colonic and cecal communities. The first 
aim was to test if the community composition in cecal samples is comparable to that of colon 
samples by determining the differences between the relative abundances of microbial groups 
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at the two sites. The second was to determine if changes in dietary energy density alters 
microbiota composition in the colon and if a differential response occurs in the cecum. The 
third aim was to identify changes in microbiota composition in the cecum and colon in 
response to changes in dietary macronutrient content.  
 
5.3 Results 
5.3.1 Sample collection and DNA pyrosequencing 
 
A set of 140 samples was chosen for analysis – 1 cecum and 1 colon sample each from 70 
mice. Data for average food and energy intake for each diet was also obtained (Table 5.2). 
Mice maintained on the low dietary energy density diet (2 kcal/g) were found to compensate 
by increasing food intake (darker blue), but the energy intake was consistently higher (darker 
orange) in mice on the high energy density diet (4 kcal/g) despite lower food intake.  
 
TABLE 5.2 Table of mouse numbers for each of 10 diets surveyed, with average daily energy 
(kJ/day) and food intake (g/mouse/day). Mice were found to compensate for low dietary energy 
density by increasing daily food intake. (Data collected by Samantha Solon and Dr Aisling McMahon.) 
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Following pyrosequencing for this sample set, a total of 1 570 612 reads were returned after 
processing; 843 406 from the cecum samples and 727 206 from the colon, ranging from 4 763 
to 32 317 reads per sample (Table 5.1). Reads were binned at three different taxonomic levels 
(class, family and genus) before analysis. Groups below 0.2% median relative abundance were 
excluded from analysis (raw sequence data in supplementary S3.2).  
Graphs were generated in Calypso V3.2 (Lutz Krause, QIMR. Available online at: 
http://bioinfo.qimr.edu.au/calypso/faces/uploadFiles.jsp) and groups showing significant 
differences in relative abundance between the cecum and colon were identified using the 
Jaccard distance method. The Jaccard distance is defined as      
       
   
  and measures 
the dissimilarity between two sample sets (A and B) by dividing the difference of the sizes of 
the union (A B) and intersection of both sets (A B) by the union of both sets. In all cases, 
direct comparison was done using the median value as opposed to the mean due to the high 
occurrence of outliers in many of the sample sets analysed. 
 
5.3.2 Compositional differences in the gut community of the mouse 
cecum and colon at various taxonomic levels 
 
Data was first analysed to determine fundamental differences in gut microbiota composition 
in the cecum and colon under standard dietary conditions. Relative abundances of bacterial 
groups in the cecum (n=5) and colon (n=5) samples from the subset of 5 mice maintained on 
standard chow (P:C:F of 21:63:16; energy density: 4 kcal/g) were examined at the class, family 
and genus level to identify significant differences in relative abundance.  
No major differences were observed between cecum and colon composition at higher 
taxonomic levels, but finer scale analysis revealed differences at the family and genus level. 
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However, all the differences observed were from minor groups under 6% relative abundance 
in the total community at each site.  
 
FIGURE 5.2 Bubble plot of relative abundances of major microbial classes in the cecum and 
colon of mice on a standard diet. Cecum and colon samples were obtained from 5 mice raised on a 
standard diet with P:C:F ratio of 21:63:16 and energy density of 4 kcal/g. In all except one case (cecum3 
and colon3), the bubble plots match by source mouse (numbers) rather than sample site (cecum or 
colon).  
 
 
Analysis of the samples at the class level found that they clustered more closely according to 
mouse rather than location in the gastrointestinal tract (Figure 5.2). Only one mouse (mouse 
3) showed a significant difference between its cecal and colon sample. However, this did not 
impact the overall similarity observed between cecum and colon samples from the entire set.  
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FIGURE 5.3 Bargraph of microbial families showing significant differences in relative abundance 
between the microbial community of the cecum and colon in mice on a standard diet with 
significance calculated using the Jaccard distance method. Cecum and colon samples were obtained 
from 5 mice raised on a standard diet with P:C:F ratio of 21:63:16 and energy density of 4 kcal/g. Five 
families were found to be of greater relative abundance in the cecum compared to the colon. 
 
This general trend was also observed at the family level (Figure 5.3). However, the 
Ruminococcaceae were significantly higher in relative abundance in cecum samples compared 
to colon samples. This difference was observed in all five mice analysed. Several minor families 
(< 2% relative abundance) were also found in greater relative abundance in the cecum 
samples. 
At the genus level, differences between cecum and colon samples were more marked, with 
samples appearing to cluster by location in the gastrointestinal tract rather than source 
mouse. Two genera were significantly more abundant in the colon – Porphyromonas and 
Parabacteroides, both from the Porphyromonadaceae family (Figure 5.4). In the cecum, five 
groups were significantly greater in relative abundance compared to the colon. Of these, four 
were under 1.3% relative abundance in the community while the fifth, Symbiothrix, was a 
candidate genus from the Bacteroidia class phylogenetically related to uncultured strains 
sequenced from termite guts [359]. 
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FIGURE 5.4 Bargraph of microbial genera showing significant differences in relative abundance 
between the microbial community of the cecum and colon in mice on a standard diet with 
significance calculated using the Jaccard distance method. Cecum and colon samples were obtained 
from 5 mice raised on a standard diet with P:C:F ratio of 21:63:16 and energy density of 4 kcal/g. 
Oscillospira, Bacillus, Streptococcus, Prevotella and Symbiothrix were of higher relative abundance in the 
cecum while Porphyromonas and Parabacteroides were higher in relative abundance in the colon.  
 
It appears that under standard dietary conditions, the cecal and colonic community are not 
significantly different at higher taxonomic levels but show divergence at the lower levels. This 
suggests that any differences observed are likely to reflect fine-scale niche specialization 
rather than fundamental divergence in the cecum and colon microbial structures. 
The use of formed stool (colon or faecal samples) to represent the microbial community of the 
proximal colon appears acceptable for whole-community analyses under standard dietary 
conditions but greater discretion is required for more targeted or fine-scale analyses. It should 
also be noted that the confidence of taxa assignation is reduced at the finer scale. 
Following establishment of the fundamental microbial composition in the cecum and colon 
under standard dietary conditions, I then examine the effects of changes in dietary energy 
density and macronutrient profile on microbial taxa in the cecum and colon, as well as 
differences in microbial taxa response potentially influencing microbiota composition at either 
site. 
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5.3.3 Effect of energy density on microbiota composition 
 
Data was then analysed to identify the response of microbial taxa in the cecum and colon to 
changes in dietary energy density, and if changes are mirrored between the two sites, or result 
in skewing of the balance of cecum-colon microbiota relative abundances. To achieve this, 
cecum and colon samples were separated and compared based on dietary energy density. 
Samples were pooled by diets based on energy density regardless of macronutrient profile, 
allowing identification of energy density-driven changes and reflecting the varied 
macronutrient intake expected to occur in normal host dietary intake from day to day. 
For each site, 24 samples were obtained for the 2 kcal/g diet, 16 for the 3 kcal/g and 30 for the 
4 kcal/g diet, giving a total of 140 samples for analysis (70 cecal, 70 colonic). It should be noted 
that the diets pooled for each energy density were differed slightly depending on the number 
of samples available for analysis (7 diets for 2 kcal/g, 8 for 3 kcal/g, 9 for 4 kcal/g) (diet 
information shown in Table 5.2). As such, differences in relative abundances between the 
different dietary energy densities identified at the class, family and genus level also encompass 
confounding factors between diets, in terms of number of diets used and samples pooled. 
Table 5.3 summarises the microbial classes showing significant differences in relative 
abundances between the 2 kcal/g and 4 kcal/g diets.  
TABLE 5.3 Microbial classes showing significant differences (p < 0.05) between low energy 
density (2 kcal/g) and high energy density (4 kcal/g) diets. Analyses of microbial taxa in the colon 
appear to be more sensitive to changes in dietary energy density compared to analyses of cecal 
populations. 
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In the colon samples, mice maintained on low energy density diets showed significantly higher 
relative abundances of Bacteroidia and Verrucomicrobiae, and decreased relative abundances 
of Clostridia and Erysipelotrichi, compared to the community composition at standard dietary 
energy density (4 kcal/g). Populations in the colon appear to respond more strongly to 
changes in dietary energy density, with only Verrucomicrobiae and Erysipelotrichi in the cecum 
mirroring the response in the colon to a significant degree. Deferribacteres was the only class 
that responded strongly to dietary energy reduction in the cecum but not the colon. 
In general, changes in relative abundances were mirrored at the family and genus level (data 
not shown). However, further analysis of the Clostridia class revealed a bimodal response to 
reduction in energy density. Significantly lower relative abundance of the major family 
Clostridiaceae (and associated genus Clostridium) at low energy density resulted in the overall 
decrease in Clostridia observed at the class level. However, the remaining families and 
associated genera exhibited the opposite effect, showing a higher relative abundance in low 
dietary energy density conditions.  
The relative abundances of groups in the cecum and colon were further compared to 
determine differences in response at either site to dietary energy reduction leading to 
significant differences in community composition between cecum and colon. Although the 
direction of response was broadly similar, some taxa were found to demonstrate changes to a 
higher degree in either colon or cecum, resulting in significant differences between the 
relative composition in the cecum and colon at low dietary energy density (Figure 5.5). 
Compared to the 4 kcal/g diets, the 2 kcal/g diets showed significantly higher cecal relative 
abundance of the Deferribacteres class compared to relative abundance in the colon. The 
Verrucomicrobiae and Bacteroidia responded in the opposite manner, where the relative 
increase in relative abundance in the colon is greater than in the cecum, resulting in a 
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significantly higher relative abundance of these classes in the colon relative to the cecum in 
low dietary energy density conditions. 
FIGURE 5.5 Bargraph of microbial classes showing significant differences in relative abundance 
between the cecum and colon microbial community of mice on three different dietary energy 
densities (2, 3 and 4 kcal/g) with significance calculated using the Jaccard distance method. 70 cecum 
and 70 colon samples were obtained in total - 24 on 2 kcal/g, 16 on 3 kcal/g and 30 on 4 kcal/g, from 
each site. A similar response was observed in the cecum and colon in reduced dietary energy density 
conditions, with different extent of changes in relative abundance observed in Clostridia, Bacteroidia, 
Verrucomicrobiae and Deferribacteres. 
 
In the class Clostridia, relative abundance in the colon is lower at 2 kcal/g compared to 4 
kcal/g, leading to a significantly higher relative abundance in the cecum despite no increase in 
relative abundance occurring. The overall reduction in colonic relative abundance observed at 
the class level results from a major decrease in the colonic relative abundance of the major 
family Clostridiaceae from (43.6% at 4 kcal/g to 9.5% at 2 kcal/g) despite higher relative 
abundances of Lachnospiraceae and Oscillospiraceae in both the cecum and colon at 2 kcal/g. 
Although changes in dietary energy density appear to induce similar responses in microbial 
taxa in the cecum and colon, colon samples were found to be a more sensitive indicator of diet 
effects on microbial taxa in the gut. 
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5.3.4 Effect of macronutrient profile on gut microbial composition  
 
In this section, the effect of changes in dietary protein, carbohydrate or fat ratio on relative 
abundances of microbial taxa in the gut was examined. As separating the dataset into 10 
different diets greatly reduced the number of samples available for each category type, a 
different approach was taken where colon and cecum samples were pooled together based on 
diet macronutrient profile to determine the effect of dietary protein, carbohydrate or fat 
ratios on the overall gut microbial composition. 
Diets from either macronutrient extreme at the 4 kcal/g dietary energy density were picked to 
analyse the effect of high or low carbohydrate and fat ratios on the community composition. 
However, mice on the low protein diets suffered a greater mortality rate and insufficient 
samples were available for statistically significant analyses at 4 kcal/g so samples from the 3 
kcal/g diet were used with 4 samples (2 mice - 1 cecum and 1 colon sample per mouse) from 
the low protein (5%) and 4 samples (2 mice - 1 cecum and 1 colon sample per mouse) from the 
high protein diet (60%).  
The gastrointestinal community in mice on the low protein diet showed a significantly higher 
relative abundance of the Erysipelotrichi class and associated family Erysipelotrichaceae and 
genus Turicibacter (Figure 5.6). A less significant increase was also observed in the relative 
abundance of Gammaproteobacteria in mice on the low protein diet. 
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FIGURE 5.6  Bargraph of microbial classes showing significant differences in relative abundance 
between the gut microbial community of mice on diets containing either a low (5%) or high (60%) 
protein ratio with significance calculated using the Jaccard distance method. 4 samples were obtained 
for each diet, one colon and one cecum sample each from 2 mice per diet. Significantly higher relative 
abundances of Gammaproteobacteria and Erysipelotrichi was observed in mice on the low protein diet 
compared to the high protein diet. 
 
FIGURE 5.7 Bargraph of microbial classes showing significant differences in relative abundance 
between the gut microbial community of mice on diets containing either a low (20%) or high (63%) 
carbohydrate ratio with significance calculated using the Jaccard distance method. 10 samples were 
obtained for the low carbohydrate diet (one colon and one cecum sample each from 5 mice) and 12 for 
the high carbohydrate diet (one colon and one cecum sample each from 6 mice). Significantly lower 
relative abundance of Bacteroidia and higher relative abundances of Clostridia, Deferribacteres and 
Bacilli were observed in mice on the low carbohydrate diet compared to the high carbohydrate diet. 
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For the carbohydrate analyses, the diets used had a dietary carbohydrate percentage of 20% 
(low carb) and 63% (high carb). The low carbohydrate samples consisted of a pooled set of 5 
cecum and 5 colon samples, and the high carbohydrate samples included 6 cecum and 6 colon 
samples. In carbohydrate limitation, Clostridia, Deferribacteres and Bacilli were significantly 
higher while Bacteroidia was significantly lower in relative abundance (Figure 5.7). 
 
FIGURE 5.8 Bargraph of microbial classes showing significant differences in relative abundance 
between the gut microbial community of mice on diets containing either a low (16%) or high (57%) fat 
ratio with significance calculated using the Jaccard distance method. 8 samples were obtained for the 
low fat diet (one colon and one cecum sample each from 4 mice) and 10 for the high fat diet (one colon 
and one cecum sample each from 5 mice). Significantly lower relative abundance of Clostridia and 
significantly higher relative abundances of Bacteroidia and Erysipelotrichi were observed in mice on the 
low fat diet compared to the high fat diet. 
 
10 samples (5 cecum, 5 colon) were pooled for the high fat diet (57% dietary fat), and 8 
samples (4 cecum, 4 colon) for the low fat diet (16%). Compared to the high fat diet, lower 
dietary fat percentage resulted in significantly higher relative abundances of Bacteroidia and 
Erysipelotrichi, and significantly lower relative abundances of Clostridia (Figure 5.8).  
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Macronutrient ratio was found to significantly influence relative abundances of microbial 
classes in the gastrointestinal tract. Table 5.4 summarises the differences observed in relative 
abundances of microbial classes when diets low in protein, carbohydrate or fat were  
compared to those high in protein, carbohydrate or fat. 
TABLE 5.4 Microbial classes in the gut showing differences in relative abundance between diets 
low in protein, carbohydrate or fat relative to diets high in protein, carbohydrate or fat. Relative 
abundances of microbial groups from the cecum and colon were pooled according to diet (low or high 
percentage of the relevant macronutrient).  
 
 
 
5.3.5 Differential response of microbial taxa in the cecum and colon to 
changes in dietary macronutrient composition 
 
Data were then analysed to identify differences in the response of the cecum and colon 
microbial community to changes in dietary macronutrient composition. Protein, carbohydrate 
and fat analyses were conducted using the same sample sets as in section 5.3.4.  Community 
compositions were analysed to determine if response differed in direction (increase or 
decrease) or degree (significant changes vs insignificant/no change).  
In all cases, no significant differences in community response were found at the class level 
(Figure 5.9). However, several groups at the family and genus level showed a differential 
response in the cecum and colon to reduction of specific dietary macronutrients.  
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FIGURE 5.9 Bar chart of microbial classes in the cecum and colon of mice on diets with low or 
high dietary protein, carbohydrate or fat ratios. A similar response was observed in the cecum and 
colon to difference in dietary protein, carbohydrate or fat ratios. 
Chapter 5: Influence of Host Diet on Gut Community Structure 129 
 
FIGURE 5.10 Bargraph of microbial families/genera showing differential responses in the cecum 
and colon to changes in dietary carbohydrate ratio with significance calculated using the Jaccard 
distance method. 5 samples were obtained per site for the low carbohydrate diet and 6 per site for the 
high carbohydrate diet.  
 
When responses to dietary carbohydrate ratio were examined at the family level, it was 
observed that changes in carbohydrate ratio affected colon relative abundances to a greater 
degree than in the cecum (Figure 5.10). 
In terms of colon-cecum differences, reduction in dietary carbohydrate resulted in 
convergence of the relative abundances in the cecum and colon of the Ruminococcaceae, 
Parabacteroides and Porphyromonas. The relative abundances of these groups were 
significantly different in the colon and cecum of mice on the high carbohydrate diet, but on 
the low carbohydrate diet, there was no significant difference in the relative abundances of 
these groups.  
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FIGURE 5.11 Bargraph of microbial families/genera showing differential responses in the cecum 
and colon to changes in dietary fat ratio with significance calculated using the Jaccard distance 
method. 4 samples were obtained per site for the low fat diet and 5 per site for the high fat diet. 
 
The opposite effect was observed with reduction in dietary fat. Relative abundances of the 
groups Ruminococcaceae, Parabacteroides and Porphyromonas were not significantly different 
between the cecum and colon of mice on the high fat diet, but were significantly different in 
mice on the low fat diet (Figure 5.11). However, similar to observations above, relative 
abundances in the colon showed a more dramatic shift in response to difference in dietary fat 
compared to cecum relative abundances. 
In general, relative abundances of microbial groups in the cecum and colon were found to shift 
in a similar fashion in response to differences in dietary macronutrient ratios, with some minor 
differences at the family and genus level. As with dietary energy density reduction, analyses of 
microbial taxa in the colon appeared to provide a more sensitive indicator of changes in 
macronutrient profile compared to analyses of cecal populations.  
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5.4 Discussion 
5.4.1 Microbial composition of the cecum and colon in mice are similar 
at broad taxonomic levels but differ at the fine-scale 
Fundamental properties of the gut environment exert a strong influence on the microbial 
community composition, with microbiota structure varying accordingly along the length of the 
gastrointestinal tract [353]. A baseline understanding of the effect of gut anatomy on 
microbial community structure is required to determine the effects of sampling location and 
facilitate accurate analysis of diet-induced community shifts. I have explored the suitability of 
formed stool samples as surrogates for the microbial community present in upstream gut 
compartments by comparing pyrosequencing data from cecum and colon samples of mice on a 
standard diet. 
 At the broad-scale, comparisons showed no significant differences between the relative 
abundances of microbial classes in the cecum and colon, indicating that basic properties of the 
environment are comparable between the two sites. At the family level, relative abundances 
of Ruminococcaceae were significantly higher in the cecum under a standard diet, suggesting 
that this group may play an important role in cecum-specific processes. These results also 
support previous observations that the interfold region of the mouse proximal colon is highly 
enriched in Ruminococcaceae [360].  
More distinct differences between cecum and colon microbial composition are observed at 
the genus level, predicted to reflect specialization for distinct niches in the gut ecosystem. The 
relative abundances of Porphyromonas and Parabacteroides, both of the Bacteroidia class, 
were significantly higher in the colon compared to the cecum. A possible separating factor is 
the ability of these groups to break down host glycans produced by colonic enterocytes [23, 
71, 72]. The mucin layer at the gut epithelial surface is thin and discontinuous at the proximal 
end of the colon but increases in thickness towards the distal end [361]. In addition, the types 
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of mucins expressed by host cells differ between the cecum and colon [362], suggesting that 
those genera selected for in the colon are specialized for breakdown of mucins abundant in 
colon. 
The results observed confirm that a gradient exists between the proximal and distal end of the 
colon, likely due to the gradient in environmental variables experienced along the length of 
the tract (Figure 5.1). Although divergence between cecum and colon community structure is 
observed at the fine-scale, the differences in relative abundance are minor when considering 
whole-community analyses. In addition, these differences may be trivial in human hosts as the 
human cecum is a rudimentary structure compared to the cecal pouch present in the mouse 
hosts analysed here [363]. It appears that the formed stool samples are a suitable 
representative of cecum community composition, as samples from the cecum and colon are 
able to provide comparable measures of diversity under a steady-state condition with regular 
dietary intake and composition. 
 
5.4.2 Low dietary energy density selects for Bacteroides and 
Verrucomicrobiae in the mouse colon 
 
After determining basic constraints placed upon the gut community by host anatomy, I 
examined the effects of changes in dietary energy density on microbial taxa in the cecum and 
colon, as well as differential responses observed at either site. 
Reduction in dietary energy density is expected to affect the gut environment in a number of 
ways. Data collected showed that the mouse host compensates for the low dietary energy 
density by increasing food intake (Table 5.2). The addition of indigestible cellulose as a bulker 
to maintain feed volume while reducing energy density means that increased ingestion results 
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in passage of intestinal content at a faster rate than normal. A combination of these factors is 
predicted to result in reduced availability of host-ingested nutrients to gut microbes. This in 
turn is expected to increase the importance of host secretions to bacterial nutrition relative to 
host-ingested nutrients (Figure 5.12).  
FIGURE 5.12 When host dietary energy density is reduced, availability of energy to microbes in 
the colon is limited to host digestion-resistant macromolecules that pass from the ileum into the 
colon and host secretions such as mucin. Reduction in dietary energy density is expected to increase 
the important of host secretions to bacterial nutrition relative to host-ingested nutrients. 
 
When responses of microbial taxa in the cecum and colon to reduction in host dietary energy 
density were examined, I found that microbial populations at both sites responded similarly, 
with lower Erysipelotrichi and higher Bacteroidia and Verrucomicrobiae relative abundance on 
the 2 kcal/g compared to the 4 kcal/g data. A class within the Firmicutes phylum, 
Erysipelotrichi is known to respond positively to increased energy and fat content in the diet 
[262], accounting for the decrease in response to reduced dietary energy density.  
Both groups showing higher relative abundance on the low energy density diet, 
Verrucomicrobiae and Bacteroidia, are known mucin-degraders [71, 364]. Previous work has 
shown that fasting conditions select for the bacteria capable of degrading mucin, suggesting 
that the ability to utilise host secretions as a nutrient source is an important advantage in 
conditions of energy limitation [365, 366].  
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In addition, community shifts in response to low dietary energy density were found to occur to 
a significantly greater extent in the colon compared to the cecum. This supports the prediction 
that reduction in energy density more strongly impacts the colon as the major nutrient sources 
available by that stage are macromolecules resistant to host-digestion and/or host secretions. 
Bacteroides in particular are known to respond to nutrient limitation by switching on a host of 
genes adapted to degradation of host-secreted molecules in mice placed on a diet lacking 
complex polysaccharides [367]. Formed stool samples are therefore a suitable representation 
of community dynamics occurring in the colon in response to changes in diet. 
Interestingly, a cecum-specific increase was observed in the relative abundance of a third 
mucin-degrading population, the Deferribacteres [368]. The localisation of this group to the 
cecum suggests that members of this class may be specialised for degradation of host-
secreted mucins specific to the cecum [362]. 
Secretion of mucins by the host allows selection for benign populations adapted to colonising 
the mucus layers close to the epithelial surface. The host may also be able to shape the 
microbial community by modulating glycan expression and secretion, increasing the fitness of 
populations capable of using these host secretions. Excessive nutrient intake by the host may 
reduce the fitness of these benign populations by introducing alternative nutrient sources to 
the gut environment, resulting in blooms of potentially pathogenic populations.  
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5.4.3 Shifts in dietary macronutrient content elicit different responses 
based on microbial group and location in the gastrointestinal tract 
 
When differential responses of the colon and cecum microbiota to changes in macronutrient 
profile were examined, I observed that the effect of macronutrient ratio reduction was 
observed to be more striking in the colon compared to the cecum, as previously seen with 
dietary energy density reduction. However, at the broad scale, populations in the cecum and 
colon responded in a similar fashion to macronutrient ratio reduction. 
Previous studies have shown that dietary macronutrient composition strongly impacts the gut 
microbial community composition. Community shifts observed at the class level or higher are 
expected to reflect evolutionary divergence in the ability of specific populations to utilise a 
particular nutrient source. However, shifts at the genus or species level may reflect groups 
specialised for utilising a particular form of carbohydrate or differences in growth/substrate 
kinetics. Dietary changes may also indirectly shift the gut community structure by altering the 
physico-chemical environment of the gut, for example changes in carbohydrate availability 
affecting fermentation levels, which in turn alter pH levels in the gut environment [370a]. 
Diets high in protein and fat appear to favour Bacteroides species while diets rich in 
carbohydrate promote increased levels of Prevotella species [131, 230, 262, 369]. Reduction of 
dietary carbohydrate is expected to have a strong impact on microbial activity and 
composition in the colon as carbohydrate fermentation provides the main source of energy to 
the microbial community in the colon [12, 370]. Previous studies have found that decrease in 
dietary carbohydrate content results in a decrease of known butyrate-producers from the 
Roseburia and Eubacterium genera, and a corresponding decrease in detectable faecal 
butyrate [75, 371].  
I observed that the low-carbohydrate diet showed higher relative abundance of Clostridia and 
lower relative abundance of Bacteroidia compared to the high-carbohydrate diet, contrary to 
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data from previous studies. No significant decreases in the relative abundances of predicted 
butyrate-producers were observed in response to carbohydrate limitation. However, the 
relative abundance of Mucispirillum from the Deferribacteres class was found to be 
significantly higher in the low relative to the high carbohydrate diet. A mucus-associated spiral 
bacterium, the ability to degrade host mucin may give this microbial group a selective 
advantage in carbohydrate-limited conditions [368]. 
The ratio of Bacteroidia to Clostridia was found to increase with reduced dietary fat content, 
as expected from earlier findings where Bacteroidetes are increased in lean compared to 
obese individuals [146, 262]. However, my analyses found that Erysipelotrichi populations 
were significantly increased in the low-fat diet compared to the high-fat diet, converse to 
findings from previous studies [131, 262, 369]. However, on further examination, 
Erysipelotrichi populations in mouse colon and cecum samples from this study were 
dominated by members of the Turicibacter and Allobaculum genera, which are known to be 
lipase-negative and therefore potentially less dependent on dietary fat content [369a]. In 
contrast, previous studies identified Erysipelotrichi members responding to increased dietary 
fat as Clostridium innocuum, Eubacterium dolichum and Catenibacterium mitsuokai , species 
which are known to favour import and processing of simple sugars [131, 262]. These results 
suggest that community analyses at the fine scale are essential to determine functional 
correlations between diet and responses of microbial populations in the gut.  
Although results from pyrosequencing analyses did not completely correlate with data from 
previous studies, a number of factors make it difficult to directly compare results from 
different pyrosequencing experiments. Little consensus appears to exist regarding taxonomic 
definition with species-level phylotypes defined as sequences sharing anywhere from 97% to 
99% identity depending on the study concerned [372]. The ability to observe the impact of 
macronutrient change in highly polyphyletic groups such as Clostridia is also hampered by the 
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limited ability to classify sequences at the genus/species level. In addition, the choice of DNA 
extraction protocol, primer, sequencing platform, database and binning method employed 
influences results obtained from high-throughput sequencing analyses, confounding 
comparisons between such studies [225, 373-375]. However, within the scope of the results 
presented above, it can be concluded that cecum and colon contents respond similarly to 
changes in diet with some differences in degree of response at the fine-scale potentially 
reflecting metabolic specialization of specific populations. 
 
5.4.4 Conclusions 
 
From the data presented here, it appears that diet-induced community shifts appear mirrored 
in the cecum and colon under steady state conditions. Table 5.5 compares p-values obtained 
from colon and cecum comparisons based on energy density (2 kcal/g vs 4 kcal/g at either site) 
or macronutrient content (high vs low carbohydrate or fat at either site). Colon comparisons 
consistently provided lower p-values (more significant differences) relative to cecum 
comparisons of relative abundances of taxa showing significant diet-induced changes 
(comparing high vs low energy density, carbohydrate or fat content). Formed stool (colon or 
faecal samples) appears to be more suitable for monitoring diet-induced changes in the gut 
community as it affords a more sensitive view of community shifts occurring in response to 
dietary intervention.  
One exception was found in the Deferribacteres class at low vs high dietary energy density, 
which is likely due to the cecum-specific localisation observed in this taxa (Figure 5.5). 
Differences in response due to spatial location should therefore be taken into consideration 
when introducing changes that differentially affect the proximal and distal end of the colon as 
observed when dietary macronutrient composition and energy density are altered. In addition, 
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care should be taken when interpreting population responses to dietary manipulation, 
particularly at the fine scale, as relative abundance analyses do not fully represent and in fact, 
may differ from quantitative measures of the microbial taxa present. 
TABLE 5.5 Colon samples provide a more sensitive indicator of community shifts induced by 
changes in host dietary energy density or macronutrient content. P-values from cecum or colon-
specific comparisons of relative abundance differences of microbial taxa in diets high vs diets low in 
energy density/carbohydrate/fat content were compared. Significance was calculated using the 
students t-test with two-tailed distribution and two-sample unequal variance. The yellow shading 
indicates the lower p-value (more significant) between colon and cecum comparisons of each taxa. 
            
The intestinal microbiota has been shown to respond strongly to changes in diet [230, 233, 
256, 257]. Work by Benson et al. has previously shown that cohort and litter effects, as well as 
individual mouse genotype strongly influences the abundance of the core measurable 
microbiota, defined as 64 taxonomic groups conserved across a mouse advanced intercross 
line [59]. To test if the community shifts observed here are diet-induced rather than random 
chance, and whether changes in dietary energy density are a generic driver of community shift 
independent of genotype, the following chapter further extends the current study to BALB/c 
mice. If changes in gut community structure and metabolic activity are able to be stably 
induced via host dietary changes independent of individual genotype, this could represent a 
simple, non-invasive method for therapeutic manipulation of the gut microbiota for host 
health outcomes.
  
 
 
CHAPTER 6 
 
 
 
Monitoring Uptake of Host 
Secretions by Gut Microbes in 
Response to Host Dietary 
Energy Density Change 
 
 
 
Chapter 6: Monitoring Uptake of Host Secretions by Gut Microbes 139 
 
6 MONITORING UPTAKE OF HOST SECRETIONS BY GUT MICROBES 
IN RESPONSE TO HOST DIETARY ENERGY DENSITY CHANGE. 
 
Publication related to this chapter: 
Chew Y.V., Holmes A.J. & Cliff III J.B. (2012). Visualisation of metabolic properties of bacterial 
cells using nanoscale secondary ion mass spectrometry. In: Walker J editor. Methods in 
Molecular Biology. New York: Humana Press (in press). 
 
6.1 Introduction 
 
In my initial mouse study (Study 2011:C57/BL6), the impact of changes in diet composition on 
relative abundances of gut microbial taxa were analysed. Two different aspects of diet were 
examined; diet quality (macronutrient ratio) and diet quantity (energy density). Changes in 
macronutrient composition are predicted to result in community change by altering the 
quality of the ingested diet and thus the nature of the limiting nutrient in the system – 
different subsets of organisms are favoured depending on which nutrient is most limiting. 
However, although changes in both macronutrient composition and energy density were 
correlated to significant shifts, energy density differences were found to result in far greater 
shifts in abundance distribution of species present, independent of macronutrient ratio (Figure 
6.1). 
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FIGURE 6.1 Variation in total energy intake appear correlated to greater differences in mouse 
gut microbial diversity compared to macronutrient composition. The Renyi graphs above plot diversity 
index against weighting of relative abundance. Compared to macronutrient composition, changes in 
dietary energy density is correlated to much stronger differences in abundance distribution of species 
between mice fed a low (2 kcal/g), medium (3 kcal/g) or high (4 kcal/g) energy density diet. (Graph 
generated by Kari Ruohonen, EWOS Innovation AS, Dirdal, Norway) 
 
I postulate that changes in total energy intake inadvertently affect diet quality by inducing a 
shift from ingested nutrients to host-secreted nutrients. Dietary energy density reduction is 
predicted to not only change the total energy intake, but alter a range of related variables. For 
example, mice on low energy density diets compensate by increasing food intake (shown in 
Chapter 5, Table 5.2), which in turn, is expected to hasten transit time of gut contents. I 
predict that these factors are likely to decrease microbial access to nutrient sources ingested 
in the diet, shifting competitive advantage towards microbes with greater capacity to access 
alternative nutrient sources such as host secretions. Change in nutrient intake pattern by the 
host is predicted to be capable of exerting unexpectedly wide-ranging effects on the nutrient 
availability experienced by the gut microbiota. 
In Study 2011:C57/BL6, maintenance on the low energy density diet was observed to result in 
significantly higher relative abundances of Verrucomicrobiae and Bacteroidia both in the colon 
and cecum of C57/BL6 mice relative to samples from mice on the standard diet (section 5.3.3, 
Figure 5.5) (colon data shown in Figure 6.2). This was observed independent of diet 
macronutrient profile. I predict that these groups share a common trait that confers a 
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selective advantage in conditions of low nutrient availability in the gut. Both Verrucomicrobiae 
and Bacteroidia are known to contain mucin-degrading species common to the gut [71, 364]. 
Data from other researchers has also demonstrated that fasting conditions increase the 
abundance of mucin-degrading bacteria in the gut of hamsters and pythons [365, 366].  
FIGURE 6.2 Bargraph of microbial classes in the colon microbial community of mice showing 
significant differences in relative abundances on three different dietary energy densities (2, 3 and 4 
kcal/g) with significance calculated using the Jaccard distance method. 70 colon samples were 
obtained in total - 24 on 2 kcal/g, 16 on 3 kcal/g and 30 on 4 kcal/g. Diets were pooled by energy density 
regardless of macronutrient profile. Relative abundances of Bacteroidia and Verrucomicrobiae were 
found to be significantly higher on the 2 kcal/g diet compared to the 4 kcal/g diet.  
 
A general principle in ecology is that competition for nutrients determines the fitness of a 
species within the community. I hypothesise that as the relative availability of host-ingested to 
host-secreted nutrient sources changes for gut bacteria, the competitive environment shifts as 
well. Those groups better suited to utilizing host secretions are expected to demonstrate 
greater fitness under limited nutrient ingestion by the host, inducing the community shifts 
observed in response to dietary energy density reduction. If true, this hypothesis predicts that 
host nutrient intake patterns could be a generic driver of microbial community composition 
independently of many other variables such as host genotype or diet composition.  
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To test the hypotheses proposed above, I designed an experiment in BALB/c mice maintained 
on diets of differing energy densities (Study 2012:BALB/c). To compare against mice 
maintained on standard chow (4 kcal/g), I chose the diet formulation from Study 
2011:C57/BL6 with the closest macronutrient composition (P:C:F 14:57:29) but with reduced 
dietary energy density (2 kcal/g).  
8 week old BALB/c mice were placed on either a 4 kcal/g standard diet or 2 kcal/g low energy 
density (LED) diet for 3 weeks to enable adaptation of a stable gut community to the diets. 
After 3 weeks, the mice were intravenously injected with threonine (98% 13C, 98% 15N) via the 
lateral tail vein. The injected threonine is predicted to travel through the mouse vascular 
system before eventual uptake and metabolism by host cells (Figure 6.3). 
FIGURE 6.3 Experimental model of predicted route of threonine uptake and metabolism in the 
mouse vascular and gastrointestinal system. (A) Threonine containing 98% 
13
C and 98% 
15
N is injected 
through the lateral tail vein and circulates through the mouse vascular system before uptake and 
metabolism by host cells. (B) Incorporation into host cell products introduces 
13
C and 
15
N into the gut 
system via host secretions. (C) Gut bacteria are then able to metabolise host secretions containing 
13
C 
and 
15
N, incorporating these isotopes into bacterial cell structures, genetic material and metabolites. 
[Cryo-imaging credit: Roy et al. 2009 [412]; Cell histology credit: Chau Le, University of Sydney] 
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As the vascular system is separate from the gut lumen, the only predicted route of entry into 
the gut is via host epithelial cells that take up the injected threonine and incorporate it (or its 
metabolites) into secreted molecules. Various host secretions in the gut are known to be 
threonine-rich, including sIgA and intestinal mucins [415, 416]. In particular, mucins are known 
to have a threonine-rich central backbone and injected threonine is expected to be 
incorporated into host mucins [376]. Secretion of these products across the gut mucosal 
barrier then introduces injected 13C and 15N into the lumen where uptake and metabolism by 
gut bacteria can occur. Host secretions may be utilised by microbes as carbon, energy or 
nitrogen sources and the ultimate fate of the injected threonine in bacterial cells includes 
direct threonine incorporation into protein synthesis or further metabolism to a variety of cell 
components either through catabolic pathways as an energy source or anabolic pathways as 
building blocks for a variety of cell components.  
To track levels of 13C and 15N in gut bacteria, nanoscale secondary ion mass spectrometry 
(NanoSIMS) was used to track uptake of these isotopes in bacterial cells isolated from mouse 
colon contents obtained 24 hrs post-injection. NanoSIMS is an ion microprobe technology 
based on mass spectrometry of secondary ions extracted from the surface of a solid sample 
under the impact of an energetic beam of primary ions, providing spatially resolved 
information on molecular and isotopic properties of the target [377] (Figure 6.4).  
Current NanoSIMS machines are able to measure up to 7 masses in parallel from the same 
sample layer, allowing superposition of ion data. NanoSIMS has been used in a variety of 
fields, from the study of meteorites, corrosion in alloys, nutrient uptake in the rhizosphere, 
uptake of isotope-labelled drugs by cancer cells, to tracking metabolic function and exchange 
in cells and for linking phylogenetic identification to metabolic activities [378-389]. NanoSIMS 
is particularly useful in environmental microbiology for tracing of isotopically labelled 
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macronutrients to individual cells, and can be coupled to in situ hybridisation to permit 
identification of cells in mixtures.  
 
FIGURE 6.4 Simplified schematic of a NanoSIMS instrument showing major components for 
biological imaging. Collision of a Cs
+
 or O
-
 primary beam with the sample surface releases secondary 
ions and electrons which are then directed into a mass spectrometer for mass detection and image 
acquisition. Current NanoSIMS instruments are capable of detecting a wide range of masses (from 
hydrogen to uranium) with high sensitivity (down to ppb) and lateral resolution (down to 40 nm). 
 
Here, NanoSIMS was used to quantify the differing amounts of 13C and 15N isotopes in 
individual gut bacterial cells from mice on a standard or LED diet to determine if changes in 
uptake of these isotopes are induced by host dietary changes. In this manner, I aim to 
determine if the relative importance of host secretions to microbial nutrition shifts according 
to nutrient availability in the gut. I predict that the net flow of threonine to microbes in the gut 
lumen increases in mice on the LED diet.  
By combining NanoSIMS analyses with fluorescence in situ hybridisation (FISH), I then aim to 
test the prediction that mucin-degrading Bacteroides and Verrucomicrobia exhibit increased 
uptake of host secretions (inferred from 13C, 15N signal) in response to reduced host dietary 
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energy intake. Pyrosequencing analysis was also conducted to examine if reduction in dietary 
energy intake drives changes in the mouse gut microbiota in this independent mouse model. 
Finally, pyrosequencing data was compared with NanoSIMS analyses to test if increased 
uptake of host secretions is correlated to improved fitness in the guts of mice on the LED diet, 
driving community shifts in response to changes in host dietary energy intake.  
 
6.2  Materials and Methods 
6.2.1 Animals and sample collection (Study 2012:BALB/c) 
An animal study was carried out after approval by the University of Sydney Animal Ethics 
Committee. 8 female wild-type BALB/c mice (Mus musculus) were used in this study. Mice 
were obtained at 8 weeks of age through the University of Sydney Laboratory Animal Services. 
6 mice were separated and housed in groups of 3 in a temperature controlled room on a 12 hr 
light and dark cycle. The remaining two mice were housed together. Food and water was 
provided ad libitum. One trio of animals was transitioned to a low energy density (LED) diet (2 
kcal/g), 14:57:29 P:C:F ratio over a period of one week, remaining thereafter on the LED diet. 
The remaining animals were provided with standard chow (4 kcal/g, 21:63:16 
protein:carbohydrate:fat ratio) for the duration of the study. Custom diets were obtained to 
order from Specialty Feeds, Australia. Macronutrient sources were the same for both diets and 
cellulose was used as the bulking agent in the LED diet. Weight of each mouse was monitored 
(data in supplementary S4.1) and faecal samples collected on defecation and frozen at -20°C 
over the study duration of 3 weeks. 
6.2.1.1 Intravenous L-threonine injection 
After three weeks, both sets of 3 mice were injected intravenously with L-threonine containing 
98% 15N, 98% 13C (CortecNet, France). Dr Szun Tay (Centenary Institute, Australia) provided 
guidance and performed the injection procedure. A heat lamp was used to warm the mice and 
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promote vein dilation before L-threonine (2.1 µmol/g body weight) was injected into the 
lateral tail vein with a 26-gauge needle. The remaining two mice were non-injected controls. 
6.2.1.2 Cull and sample collection 
The mice were monitored over the next 36 hours, with faecal samples collected at 6 hour 
intervals. At 24 hrs post-injection, two mice from each diet set trio were culled and colon 
contents were collected. At 36 hrs post-injection, the remaining mouse in each trio was culled 
and colon contents obtained. A faecal sample from an uninjected control mouse (no 
threonine) on standard chow was also collected. All samples were frozen at -20°C immediately 
following collection. 
6.2.2 Cell washing and fixation 
Cells were washed and fixed as described in section 2.7.1 with modifications as follows. 5 mg 
of each faecal sample was homogenised in 1X PBS (137 mM NaCl, 2.7 mM KCl, 4.5 mM 
Na2HPO4, 1.47 mM KH2PO4). The sample was centrifuged at 200 x g for 30 s to remove large 
particles/debris. The supernatant was collected and centrifuged at 9 000 x g for 2 mins to 
pellet bacterial cells. The pellet was then washed thrice with 1X PBS to remove any inhibitory 
materials before resuspending in 300 µl PBS in a microcentrifuge tube. The sample was fixed 1 
volume to 3 in fresh 4% (w/v) paraformaldehyde (pH 7.0) in PBS overnight at 4°C. Following 
fixation, cells were centrifuged at 5 000 x g for 5 mins at 4’C to pellet the cells. Pelleted cells 
were washed thrice with 1X PBS before resuspending and storing in 50% (v/v) ethanol:PBS at -
20°C until analysis. 
6.2.3 Fluorescence in situ hybridisation and microscopy 
Three samples were chosen for microscopy analysis – One uninjected sample, and one 
threonine-injected sample each from the 24 hr cull of the two diet groups. Washed cells were 
hybridised to probes as described in section 2.7.2. Probe sequences, specificities and 
hybridisation temperatures used are tabled below (Table 6.1). Probes targeting eubacteria 
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(EUB338, EUB338-II, EUB338-III) were labelled with Cy3 and applied in a 1:1:1 mixture 
(Eubmix). Two group-specific probes were used; Bacto1080 (targeting Bacteroides , Prevotella 
and Porphyromonas) and Ver47 (targeting Verrucomicrobiae), both 5’-conjugated to 5-iodo-2’-
deoxyuridine (detectable at iodine mass detection using the NanoSIMS) and 3’-conjugated to 
6-FAM, fluorescein amidite – a synthetic fluorescein dye. Hybridisation buffer with a 
formamide concentration of 20% was used for all hybridisations. The hybridised cells were 
resuspended in Milli-Q water after the final wash. 
 
TABLE 6.1 FISH probes and hybridisation temperatures. Hybridisation buffer with a formamide 
concentration of 20% was used for all hybridisations. Hybridisations were conducted as described in 
section 2.7.2. 
Probe Sequence (5’ to 3’) 
Hybridisation 
Temperature 
Specificity Ref 
EUB338 Cy3 - GCTGCCTCCCGTAGGAGT 51°C Bacteria 
[277, 278] EUB338-II Cy3 - GCAGCCACCCGTAGGTGT 51°C Planctomycetes 
EUB338-III Cy3 - GCTGCCACCCGTAGGTGT 51°C 
Verrucomicrobia 
and others 
Bacto1080dbl 5.5IdU - GCACTTAAGCCGACACCT – 6-FAM 49°C 
Bacteroides, 
Prevotella, 
Porphyromonas 
[279] 
Ver47dbl 5.5IdU - GACTTGCATGTCTTAWC – 6-FAM 49°C Verrucomicrobia [280] 
 
 
6.2.4 Nanoscale secondary ion mass spectrometry (NanoSIMS) 
 
NanoSIMS work was conducted at the Australian Microscopy and Microanalysis Research 
Facility (AMMRF) at the University of Western Australia (Perth, Australia). The work was 
funded by a Travel and Access Program (TAP) grant provided by the AMMRF. Assoc Prof Matt 
Kilburn and Asst Prof John Cliff provided guidance and technical support in the use of the 
Cameca NanoSIMS 50 (Cameca, France) and scanning electron microscopy (Zeiss 1555 VP-
FESEM, Germany). 
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6.2.4.1 Sample mounting 
A round silicon wafer of 25.4 mm diameter was used as a sample mount with the samples 
loaded within the centre 15 mm of the wafer. 10 µl of fixed cells was spotted onto the silicon 
chip. Yeast control cells were also spotted separately as a control for background levels of 
isotopes to be detected. The spots were allowed to air dry in a fume hood before sputter-
coating the chip with 5-10 nm gold to increase sample conductivity.  
6.2.4.2 Sample visualisation 
The chip was first visualised by fluorescence microscopy (Leica DM IRE2, Leica Microsystems, 
Germany) to locate regions of interest and to visualise cells hybridised to the FISH probes in 
section 6.2.3.  
The chip was then loaded into the NanoSIMS and the electron multipliers were positioned to 
collect 12C-, 13C-, 12C14N-, 12C15N-. Nitrogen cannot be detected directly through N- and must be 
analysed as the CN- cluster ion. The CCD (charge-coupled device) camera was used to find 
regions on the sample and select areas of interest for image acquisition by recording the 
coordinates. The isotopic standard (yeast cells) was imaged first to calibrate the detector 
response before moving on to the test samples. 20-30 µm squares were imaged until 80-100 
cells had been imaged per test sample.  
The detectors were then moved to collect 12C2
-, 12C14N- and 127I-. Image stacks totalling 25 
images each were obtained to visualise the distribution of iodine through the bacterial cells, 
and to determine if 13C/15N (threonine) uptake could be co-localised to either of the group-
specific probes used (Bacto1080, Ver47, section 6.2.3). 
6.2.4.3 Scanning electron microscopy (SEM) 
After NanoSIMS image acquisition, the chip surface was imaged by scanning electron 
microscopy (Zeiss 1555 VP-FESEM, Germany) to visualise bacterial cells in the areas sputtered 
away by NanoSIMS. 
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6.2.5 NanoSIMS data analysis 
NanoSIMS image data was processed using the OpenMIMs plugin 
(http://www.nrims.harvard.edu/software.php) for ImageJ (http://rsbweb.nih.gov/ij). 
Hue/Saturation/Intensity (HSI) images were generated to visualise the 15N:14N 
isotope/elemental ratios for all samples. Regions of Interest (ROIs) were then selected by 
defining each individual cell. The OpenMIMs plugin was then used to measure the signal 
intensity for the masses detected for each cell. The following ImageJ macro was used to 
correct for deadtime, quasi-simultaneous arrival (QSA) and instrumental mass bias, assuming a 
primary stage current of 2.7 pA, a 44 ns deadtime, a QSA coefficient of 0.5 and a 32 bit 
counting card on the NanoSIMS: 
 
  // DEADTIME AND QSA ONE IMAGE FRAME 
run("32-bit"); 
//image dwell time in microseconds 
dwell  = 27500; 
//Primary beam current in pA 
Ip = 2.7; 
// iterate over all pixels  
for (y = 0; y < getHeight(); y++)  
for (x = 0; x < getWidth(); x++) {  
  value = getPixel(x, y);  
   // evaluate the formula  
 v1 = value*1/dwell*1e6; 
   v2 = v1/(1-44e-9*v1);  
 v3=v2/1e6*dwell; 
 v4 = v3/(Ip*6241509); 
 v5 = v4/(1-v4/2); 
 v6=v3*(1+v5/2); 
  setPixel(x, y, v6);  
 } 
 
Measurements were taken for all images acquired and recorded in a spreadsheet. Ratios of 
15N:14N were calculated and Hue/Saturation/Intensity (HSI) images were generated in ImageJ. 
Obtained values were also plotted on a scatter plot. Analysis of Variance (ANOVA) and Tukey’s 
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Honest Significant Difference (HSD) tests were done to determine significance levels of the 
observed differences. 
 
6.2.6 DNA extraction 
5 mg of each mouse faecal sample obtained throughout the duration of the study was 
homogenised in 1 ml of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5). DNA extraction was 
carried out as outlined previously in section 2.2. The DNA yield was measured using a 
Nanodrop 1000 (ThermoScientific, USA). 
 
6.2.7 Pyrosequencing analysis 
6.2.7.1 PCR amplification 
PCR amplification of samples for pyrosequencing was conducted by Eline Klaassens (University 
of Sydney, Australia).  
A two-step amplification process adapted from Berry et al. was conducted on extracted DNA 
samples from all 6 mice (3 standard diet, 3 LED diet) [390]. PCR using 16S rRNA gene primers 
939F (5’-TTGACGGGGGCCCGCAC -3’)and 1492R (5'-GGTTACCTTGTTACGACTT-3') was first 
conducted using the following parameters: initial denaturation of 5 mins at 95°C, then 30 
cycles of denaturation (30 s, 95°C), annealing (45 s, 54°C) and extension (45 s, 72°C), and a 
final extension of 5 mins at 72°C. A 25 µl reaction volume was used, containing 1 X Thermopol 
buffer, 0.8 mM dNTPs, 0.8 µM of each primer, and 1U Taq polymerase. This was followed by a 
10-cycle PCR under similar conditions, using similar primers with an additional adapter and 
barcode (forward primer) or adapter (reverse primer) incorporated (Table 6.2). Amplified 
samples were quantified with a Qubit fluorometer (Invitrogen, USA) and pooled equimolar for 
454 GS-FLX Titanium sequencing (Roche) using the Lib-L kit. 
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TABLE 6.2 Primers used in the second step of two-step barcoded PCR for 454 pyrosequencing. 
PRIMER NAME SAMPLE SEQUENCE 
MID1-939F Standard 1 CCATCTCATCCCTGCGTGTCTCCGACTCAGACGAGTGCGTTTGACGGGGGCCCGC
AC MID2-939F Standard 2 CCATCTCATCCCTGCGTGTCTCCGACTCAGACGCTCGACATTGACGGGGGCCCGC 
MID3-939F Standard 3 CCATCTCATCCCTGCGTGTCTCCGACTCAGAGACGCACTCTTGACGGGGGCCCGC
AC MID7-939F Test 1 CCATCTCATCCCTGCGTGTCTCCGACTCAGCGTGTCTCTATTGACGGGGGCCCGCA
C MID8-939F Test 2 CCATCTCATCCCTGCGTGTCTCCGACTCAGCTCGCGTGTCTTGACGGGGGCCCGCA 
MID9-939F Test 3 CCATCTCATCCCTGCGTGTCTCCGACTCAGTAGTATCAGCTTGACGGGGGCCCGCA 
454fusion-1492R - CCTATCCCCTGTGTGCCTTGGCAGTCTCAGGGTTACCTTGTTACGACTT 
 
6.2.7.2 Pyrosequencing analysis 
Pyrosequencing of samples was performed by Macrogen (Seoul, Korea) on a Roche 454 FLX 
instrument and data processing was performed using the Roche GS FLX software (v2.8). 
Retrieved sequences were filtered according to signal quality, and read ends were trimmed by 
quality and primer sequence. The average reads per sample was 8 488 reads with an average 
read length of 471 bp.  
Pyrosequencing data was then processed using the Ribosomal Database Project (RDP) 
Pyrosequencing Pipeline (available online at: http://pyro.cme.msu.edu/). Initial processing was 
done to sort raw reads into each separate sample according to pyrosequencing tags used. The 
tags and primers were trimmed before removing sequences under 150 bp and/or of low 
quality (base call accuracy < 99%). Sequence orientation was also checked and reverse 
complemented if required. The number of reads obtained per sample ranged between 6 099 
and 8 197 reads. Rarefaction analysis was conducted to analyse sampling depth (see 
supplementary S4.2). Trimmed and processed sequences were assigned to bacterial taxonomy 
using RDP Classifier, a hierarchical taxa assignment tool based on RDP naive Bayesian rRNA 
Classifier [391]. A confidence threshold of 80% was used, where sequences below the 
threshold were designated as “unclassified”.  
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Reads were binned at three different taxonomic levels (class, family and genus) before further 
analysis (sequence data in supplementary S4.2). Groups below 0.2% median relative 
abundance were excluded from analysis. Graphs were generated in Calypso V3.2 (Lutz Krause, 
QIMR. Available online at: http://bioinfo.qimr.edu.au/calypso/faces/uploadFiles.jsp) and 
groups showing significant differences in relative abundances of microbial taxa in BALB/c mice 
on a standard diet compared to a LED diet were identified using the Jaccard distance method. 
The Jaccard distance is defined as      
        
   
  and measures the dissimilarity between 
two sets sample sets (A and B) by dividing the difference of the sizes of the union (A B) and 
intersection of both sets (A  B) by the union of both sets. Results from this study (Study 
2012:BALB/c) were then compared with results from the initial study conducted in C57/BL6 
mice (Study 2011:C57/BL6).  
 
6.3 Results 
6.3.1 NanoSIMS sample preparation and optimisation 
 
Three types of samples were prepared – control cells from an uninjected mouse on standard 
chow, cells from a mouse injected with L-threonine (98% 15N, 98% 13C ) on standard chow, and 
cells from an injected mouse on the low energy density (LED) diet (P:C:F, 14:57:29). Different 
FISH combinations were prepared for all samples and fluorescence imaging was conducted 
using an Olympus BX51 (Olympus, USA) with filter set 31001 (Chroma Technology Corp, USA) 
to determine if appropriate cell density had been obtained for NanoSIMS analysis (Figure 6.5).  
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FIGURE 6.5 Fluorescence microscopy images showing density of hybridised preparations of gut 
bacteria from mice on a 4 kcal/g energy density diet (A) and 2 kcal/g energy density diet (B). 
Eubacteria were visualised by hybridisation with a 1:1:1 mixture of Cy3-conjugated EUB338, EUB338-II, 
EUB338-III, and images were taken using an Olympus BX51 (Olympus, USA) with filter set 31001 
(Chroma Technology Corp, USA). 
 
6.3.2 NanoSIMS data acquisition and SEM images 
Cells from each sample were imaged as described in section 6.2.4.2. For each sample, six 
images were obtained, each from a detector set to detect a different mass (Figure 6.6).  
As 13C was detected directly using the 13C- and 15N was detected indirectly using the 12C15N- 
cluster ion, differences were expected in signal obtained from either isotope being tracked. 
15N from injected threonine containing 98% 13C, 98% 15N would not normally be present in the 
12C15N cluster so detection of 12C15N- signal means the only method by which this cluster ion 
would be observed is if release of the amide group from the amino acid had occurred and the 
15N utilized by microbial cells as a nitrogen source in anabolic processes. On the other hand, 
detection of 13C via 13C- signal allows detection of direct incorporation of threonine into 
proteins, catabolic utilization of threonine as an energy source and anabolic utilization as a 
building block. 
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FIGURE 6.6 NanoSIMS image acquisition with mass detection set to capture 
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-
. Levels of 
31
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-
were also imaged in addition to a secondary electron image. Different levels of 
uptake were observed between 
13
C and 
15
N (as measured via the 
12
C
15
N
-
 cluster ion). This is predicted to 
be due to differences in detection method as direct detection of the 
13
C
-
 ion allows measurement of 
direct uptake of 
13
C as threonine and metabolic utilization, while detection of the 
12
C
15
N
-
 cluster ion only 
measures metabolically processed 
15
N.  
 
In addition, bacterial cells are predicted to show differences in turnover rates of carbon and 
nitrogen within cells which could also contribute to variation in signal detected. As expected, 
13C signals were observed to be uneven throughout the cells and the pattern of signal 
distribution differed from signals obtained from 15N. 
The OpenMIMS plugin for ImageJ was used to define Regions of Interest (ROIs) – in this case, 
microbial cells (Figure 6.7). This was done by examining the images and manually selecting 
microbial cells based on morphology and 12C signal. Images obtained by mass detection of 12C- 
were used to identify carbon-based forms, then analysed for regular morphological features 
and topographic symmetry consistent with bacterial cell structures.  
Chapter 6: Monitoring Uptake of Host Secretions by Gut Microbes 155 
 
A total of 61 cells were defined for the yeast control, 41 for the non-injected standard chow 
mouse samples, 107 for the injected standard chow mouse samples and 82 for the injected 
LED diet mouse samples. 
FIGURE 6.7 Use of the ImageJ OpenMIMS plugin to define microbial cells as Regions of Interest 
(ROIs). Microbial cells were manually selected based on morphology and 
12
C signal. Measurement of 
signal intensity at each mass detection allows calculation of isotopic ratios. 
 
Following NanoSIMS data acquisition, the samples were imaged by scanning electron 
microscopy and all defined ROIs were confirmed to be microbial cells by examining cell 
morphology and surface topology to discount debris (Figure 6.8(A)) and false cell impressions 
due to sample dehydration (Figure 6.8(B)).  
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FIGURE 6.8 Scanning electron microscopy (SEM) image showing a section of the sample 
previously exposed to secondary ion mass spectrometry. Image was flipped and rotated to display 
similar orientation to ImageJ image (upper left). Cell morphology and surface topology were examined 
to confirm accurate selection of microbial cells as Regions of Interest (ROIs) in ImageJ. (A) Amorphous 
masses of debris (likely to be host cells or mucus) and (B) false cell impressions from sample 
dehydration were observed. Image was taken by Asst/Prof John Cliff (CMCA, UWA). 
 
6.3.3 Measuring uptake of 15N in gut bacteria 
 
To identify differences in isotope uptake by gut bacteria in relation to host dietary energy 
density, signal intensities for 13C, 12C , 12C 15N and 12C 14N were measured after defining ROIs 
and corrected as described in section 6.2.5. The ratio of 13C:12C and 12C 15N:12C 14N was 
calculated for each cell.  
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FIGURE 6.9 Heat map showing ratio of 
12
C
 15
N  to 
12
C
 14
N in bacterial cells from mice maintained 
on different diets. Low to high ratios are denoted by cool to warm colours on the spectrum. Minimal 
enrichment was observed in unlabelled control cells (A), slight uptake in labelled cells from standard 
diet mouse (B) and differential uptake in labelled cells from low energy density diet mouse (C). Different 
cells showed different degrees of signal intensity within each sample. 
 
ImageJ was used to generate HSI images functioning as heatmaps of 12C 15N enrichment (Figure 
6.9). On the unlabelled diet, all cells examined showed signals in the range of 0.37% - not 
significantly different to unlabelled yeast cells used as a background control. On the 4 kcal/g 
standard diet, different cells demonstrated different degrees of signal intensity, with values 
ranging from 0.37% to 0.53%. On the 2 kcal/g LED diet, this was even more evident, with signal 
values ranging from 0.37% up to 1.19%. The same trends were observed when HSI images 
were made of 13C enrichment (data in supplementary Figure S4.4). 
The ratios of 13C:12C and 12C 15N:12C 14N values from all ROIs were then plotted on a graph to 
determine if isotope uptake was significantly different under different dietary conditions. 
Significance values were obtained using ANOVA and Tukey’s HSD. Data from both 13C and 15N 
measurements showed a significantly stronger signal (p-value < 0.01) in cells from the LED diet 
sample compared to cells from the standard diet sample and no-threonine control diet. 
Although the trends were similar between both isotopes detected, the 13C:12C ratios had a 
higher error range (average of 6.9 x 10-4 compared to 6.1 x 10-5 for 15N), and the difference 
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between the LED diet and standard diet was not as dramatic (data in supplementary S4.3, 
Figure S4.4). The former reflects uneven distribution of 13C within each cell and is predicted to 
be due to the fact that NanoSIMS detection of 13C reflects multiple metabolic fates (direct 
threonine incorporation, catabolic/anabolic metabolism, microbial cross-feeding) while the 
detection of 12C15N reflects only one metabolic fate (incorporation through anabolic 
processes).  
Previous work has also noted that microbial cells in a heterogeneous community sample 
exhibit uneven uptake of soluble nutrients by diffusion [387]. Additionally, 13C uptake is known 
to vary depending on cell stage - most highly observed in vegetative cells and less so in mature 
cells [384]. A higher degree of 13C turnover may also be expected as more discrete partitioning 
of 15N occurs because bacterial cells export less nitrogenous compounds (either as metabolites 
or as secretions). A higher proportion of 15N is therefore predicted to remain fixed in the cell as 
new biomass with 15N values expected (and observed) to show less variance.  
Both 13C:12C and 12C 15N: 12C 14N ratios indicate increased cellular incorporation of 13C and 15N in 
cells from the LED diet sample compared to the standard diet sample, with more dramatic 
increases observed in the 12C 15N: 12C 14N  data. The 13C data is inferred to reflect the sum of 
direct threonine uptake as well as metabolic utilization by bacterial cells, therefore 
demonstrating that threonine availability differs between diet conditions, potentially due to 
increased secretion of host mucin under the LED diet. As 12C 15N detection detects only 
metabolic utilization, the data indicates that while host secretions may increase, microbial 
utilization of host secretions also increases under the LED diet. As my hypothesis centres on 
utilization of host secretions by bacterial cells, further analysis was focused on values obtained 
from 12C 15N: 12C 14N calculations (Figure 6.10).  
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FIGURE 6.10 Graph of 
12
C
 15
N:
12
C
 14
N isotope enrichment in bacterial cells from mice on different 
diets. Differential uptake of 
15
N (postulated to originate from threonine incorporated into host 
secretions) by bacterial cells in response to different diets was observed with highest enrichment 
observed in cells from mice on the low energy density diet. Significance was calculated using Analysis of 
Variance (ANOVA) and Tukey’s Honest Significant Difference (HSD) test. 
 
The yeast cell standards used demonstrated values of 12C15N:12C14N consistent to that in nature 
(0.37%). No-threonine control cells (bacteria from mice not injected with threonine) gave a 
similar result and both controls demonstrated comparable values (p-value > 0.05). This was 
also supported by results from a previous study using unlabelled control cells from the gut 
lumen [387a]. 
The first comparison was made between the yeast and no-threonine 4 kcal/g controls and the 
threonine-injected standard 4 kcal/g diet sample to determine uptake of host secretions under 
standard dietary conditions. The standard diet sample demonstrated significantly higher signal 
Chapter 6: Monitoring Uptake of Host Secretions by Gut Microbes 160 
 
from 12C 15N (mean 0.43%, p-value < 0.05), indicating incorporation of 15N by bacterial cells. 
This indicates that utilization of host secretions occurs under standard conditions but only to a 
minor extent, that is, the total contribution of nitrogen derived from threonine to bacterial cell 
nutrition is small. Previous studies in mice have also shown similar enrichment of 15N in gut 
eubacterial cells (0.50%) after intravenous injection of 15N-labelled threonine [387a]. 
12C15N:12C14N values for cells from the LED diet (2 kcal/g) sample were then compared to the 
unlabelled controls and standard diet (4 kcal/g) sample to determine if uptake of host 
secretions differs between diet treatments. Cells from LED diet sample demonstrated a 
significantly increased ratio of 12C 15N: 12C14N compared to both unlabelled controls as well as 
the standard diet sample (mean 0.71%, p-value < 0.01), indicating a relatively higher 
incorporation of 15N (predicted to originate from injected threonine assimilated into host 
mucin) by gut bacterial cells in the LED diet sample. This supports my prediction that under 
low energy density diet conditions, the relative importance of host secretions (compared to 
ingesta) to bacterial nutrition increases. 
 
6.3.4 Morphometric analysis of groups associated with 12C 15N signal 
 
Following my original hypothesis that reduction in dietary energy density increases the host-
secreted nutrients relative to host-ingested nutrients, I predict that change in nutrient source 
will alter the relative fitness of members of the gut community. 12C15N signals for cells from 
the LED diet sample demonstrated an abnormal distribution was found where three discrete 
subsets were distinguishable based on 12C15N enrichment level: one showing 12C 15N 
enrichment comparable to mice on the standard diet (baseline uptake, ≈0.45%), one with 
increased 12C 15N compared to baseline (≈0.76%), and a third smaller population with highly 
increased 12C 15N (≈1.5%). These results suggest different populations of bacterial groups are 
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present and responding differently in mice placed on the LED diet. This is supported by 
previous research by Berry et al. showing that even under a standard diet, gut bacteria from 
mice injected with isotopic threonine demonstrated heterogenous levels of 13C and 15N 
enrichment, with Bacteroidetes in particular showing higher enrichment compared to other 
groups [387a]. 
To test the hypothesis that threonine utilization is capable of driving community shift, 
differential utilization of host secretions by different cell populations must first be established. 
Initial attempts were made to directly link community change to threonine utilization by 
combining fluorescence in situ hybridisation and NanoSIMS analyses. Test samples were 
hybridised to two phylogenetic group-specific probes conjugated to 5-iodo-2’-deoxyuridine for 
detection at iodine mass (127) using NanoSIMS. These were Bacto1080 targeting Bacteroides, 
Prevotella and Porphyromonas, and Ver47 targeting Verrucomicrobia, groups known to 
increase in relative abundance in the gut of C57/BL6 mice on LED diets. Fluorescence 
microscopy of hybridised samples in section 6.3.1 confirmed that successful binding of 
eubacterial and Bacto1080 probes to microbial cells had occurred. However, NanoSIMS probe 
signals for iodine could not be assigned to cells of interest as the native iodine signal in 
unlabelled controls was found to be within the same range as labelled test samples.  
The second approach tested was morphometric analysis. Morphological data from the 
NanoSIMS images was examined to determine correlations between phenotype and 
differential 15N uptake in the LED diet sample. Cells were first binned according to the 
following phenotypes – cocci (spherical cells with length to width ratio < 1.2) and rods.  
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FIGURE 6.11 Bar chart showing frequency of cell widths observed in a representative set of 163 
rod-shaped cells from mice on either a 4 kcal/g or 2 kcal/g energy density diet. Cells with width ≤ 0.8 
µm were categorised as “thin” rods (green) while those with width ≥ 1.0 µm were classed as “wide” 
rods (red). Rods that were 0.9 µm in width were excluded from analysis as ambiguous. 
 
A representative set of rods (n=163) was examined to determine the range of cell widths 
represented and Excel 2007 (Microsoft, USA) was used to graph the data (Figure 6.11). These 
were then categorised into “thin” rods (width ≤ 0.8 µm) and “wide” rods (width ≥ 1.0 µm). 
Rods of width 0.9 µm were excluded from analysis to prevent ambiguity.  
Cell binning into cocci, “thin” and “wide” rods was completed in a blinded fashion to avoid bias 
in analysis. Results were then referred back to isotope values obtained from previous ROI 
measurement. Morphological data was plotted against signal values to examine distribution of 
cell morphotypes in relation to isotope uptake (Figure 6.12). Proportion of each morphotype 
of total cells present in samples from each diet treatment was also calculated. Two-way 
ANOVA and Tukey’s HSD was used to identify significant differences in 12C 15N:12C 14N ratio of 
samples from both diets. 
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FIGURE 6.12 Box-plots showing 
12
C
 15
N:
12
C
 14
N  signal values for three different cell morphotypes 
observed in samples from threonine-injected mice on a standard diet or low energy density (LED) 
diet. (A) Both “thin” and “wide” rods had significantly higher signal ratios in the LED diet compared to 
standard diet sample. (B) Within the LED diet sample, “thin” rods showed significantly higher signal 
ratios compared to the other two morphotypes. Within the standard diet sample, no significant 
differences were observed between morphotypes. Significance was calculated using Analysis of 
Variance (ANOVA) and Tukey’s Honest Significant Difference (HSD) test. 
 
Cells exhibiting a “thin” phenotype (rod-shaped cells with a width ≤ 0.8 µm) were found to 
consistently cluster on the higher end of 12C 15N: 12C 14N ratio distribution in both standard diet 
and LED diet samples. Although the mean signal from “thin” rods was higher than “wide” rods, 
the standard diet sample showed no significant differences between the three morphotypes. 
This suggests that while “thin” rods may have a greater capacity to utilise host secretions, this 
does not result in a significantly higher threonine uptake under standard diet conditions. 
However, the 12C 15N signal from both “wide” and “thin” rods were found to significantly 
increase in samples from mice on the LED diet compared to the standard diet, indicating that 
enrichment of 12C 15N had occurred in both morphotypes (Figure 6.12(A)). In addition, the 
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“thin” rods in the LED samples demonstrated significantly higher 12C 15N:12C 14N signal 
compared to the “wide” rods in the LED samples, indicating greater enrichment in this 
particular morphotype (Figure 6.12(B)). 
Although the number of cocci observed was much higher as well in the LED diet sample, the 
tendency for cocci to present in clusters of many cells resulted in spatial autocorrelation. More 
fields of view would need to be analysed to justify any correlations between increase in cocci 
numbers and fitness on the LED diet. However, this was limited by the time constraints 
involved in NanoSIMS imaging. 
 
TABLE 6.3 Ratio of “thin” to “wide” rods and difference in 
12
C
 15
N:
12
C
 14
N signal between 
morphotypes increases in samples from the low energy density diet (2 kcal/g). Increased utilization of 
host secretions appears correlated to increased abundance of the “thin” morphotype when host 
nutrient ingestion is reduced under the low energy density diet.
 
 
Cocci were excluded and the proportion of “thin” and “wide” rods within the set of rod-
shaped cells was calculated for both diets (Table 6.3). The ratio of “thin” rods to “wide” rods 
and difference in 12C 15N:12C 14N signal between morphotypes increases in the LED diet sample. 
This association between increased utilization and altered abundance ratio is consistent with 
competitive advantage being derived from different nutrient access. 
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6.3.5 Pyrosequencing analysis of bacterial populations in the gut of 
mice on a standard or low energy density diet 
 
Pyrosequencing analyses were conducted to further explore diet-induced changes in the gut 
microbial community of BALB/c mice. Metagenomic DNA samples from mice on a standard 
diet (4 kcal/g energy density) and on a low energy density (LED) diet (2 kcal/g) were sent for 
pyrosequencing. After initial processing, a total of 41 347 reads were obtained, ranging from  
6 099 to 8 197 reads per sample. Rarefaction analysis indicated that an effective sampling of 
the total number of phylotypes present at 90% similarity was achieved (with rarefaction 
curves beginning to flatten out at 10 000 reads), with reasonable estimates at the species 
level, defined at 97% similarity (with rarefaction curves beginning to flatten out at 18 000 
reads) (data in supplementary S4.2). 
It should be noted that although similar primers were used for the initial PCR (939F and 
1492R) and pyrosequencing was conducted on comparable platforms (Roche 454 FLX), 
separate facilities with different in-house protocols for sequencing and quality control were 
used in each study.  In addition, mice were obtained from and housed in different facilities, 
with culls conducted at different ages (Study 2011:C57/BL6, culled at 15 months; 
Study2012:BALB/c, culled at 3 months), potentially influencing the gut community present and 
responses thereof to changes in host diet. 
In both Study 2011:C57/BL6 and Study 2012:BALB/c, differences in dietary energy density 
(while maintaining macronutrient ratio) were associated with significant differences in 
abundance distribution of gut microbial taxa. There were however some differences in 
specifically which taxa dominated communities across the two experiments – most notably, 
Verrucomicrobiae were absent from Study 2012:BALB/c and Bacilli (mainly Lactobacillus 
species) represented a dominant community component in the 4 kcal/g diet. However, in both 
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studies, relative abundance of the Bacteroidia class was increased significantly in mice on the 
LED diet relative to those on the standard diet (Figure 6.13). 
 
FIGURE 6.13 Box-plots of relative abundances (%) of bacterial classes in samples from BALB/c 
mice on a standard diet (4 kcal/g energy density) or low energy density diet (2 kcal/g) with 
significance calculated using the Jaccard distance method. Diet-associated shifts in relative abundances 
of bacterial classes were observed with Bacteroidia and Bacilli responding significantly to changes in 
dietary energy intake.  
 
 
FIGURE 6.14 Box-plots of relative abundances (%) of genera within the Bacteroidia class in 
samples from BALB/c mice on a standard diet (4 kcal/g energy density) or low energy density diet (2 
kcal/g) with significance calculated using the Jaccard distance method. Differential response to 
reduced host energy intake in groups within the class Bacteroidia were observed, with significantly 
increased relative abundances of Bacteroides and Parabacteroides and decreased relative abundance of 
Barnesiella in the 2 kcal/g diet relative compared to the 4 kcal/g diet sample. 
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When the response of Bacteroidia to reduced energy intake was examined at the genus level, 
different genera were found to respond differently to reduction in nutrient availability (Figure 
6.14). Both Bacteroides and Parabacteroides showed significantly higher relative abundance 
on the LED diet, in line with previous observations in Study 2011:C57/BL6. However, a 
significantly lower relative abundance of Barnesiella on the LED diet was observed in Study 
2012:BALB/c that was not previously observed in Study 2011:C57/BL6. 
In both Study 2011:C57/BL6 and Study 2012:BALB/c, Bacteroidia were found to be of 
significantly higher relative abundance in mice placed on the LED diet. Although Bacilli and 
Verrucomicrobiae also showed significant differences in relative abundance between diet 
treatments, comparable responses were not identified across both studies as these groups 
were not at meaningful levels in either Study 2011:C57/BL6 (Bacilli) or Study 2012:BALB/c 
(Verrucomicrobiae). 
 
6.4 Discussion 
6.4.1 Changes in nutritional intake generically drive gut microbial 
community change in two mouse genotypes. 
 
Data presented above indicates that changes in dietary energy density are capable of inducing 
significant shifts in abundance distribution of gut microbiota independent of diet 
macronutrient ratio (Figure 6.1). It appears that changes in dietary energy density exert a far 
greater effect on nutrient availability experienced by the gut microbiota than initially 
predicted. Multiple variables are predicted to shift on reduction of dietary energy density – 
host food intake increases, introducing increased amounts of indigestible fibre (used as a 
bulker in reduced energy density diets) and hastening passage of gut contents. I predict that 
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these factors reduce the overall availability of ingested nutrients, increasing the relative 
importance of host secretions to bacterial nutrition. It appears that by shifting which resources 
are available to gut microbes, changes in diet quantity (total caloric intake) also drive 
differences in diet quality (nutrient utilization patterns). 
On the standard diet, the gut community composition in the BALB/c and C57/BL6 mice was 
different, particularly in relative abundance of the Verrucomicrobiae and Bacilli classes 
between studies. This may be a reflection of differences between the mouse models and 
experimental conditions used, most evidently the different mouse genotypes. Previous 
research has shown that abundances of Lactobacillus species in the mouse gut are strongly 
correlated to heritable genetic factors [59]. Other contributing factors include disparities in 
animal source and housing facility between studies, and the age at which mice were culled and 
samples obtained (15 months for Study 2011:C57/BL6; 3 months for Study 2012:BALB/c). 
The observation of community differences between hosts on the standard diet implies that a 
difference exists in starting position for LED diet-induced community shift. Detection of 
community shifts may depend on existing microbial populations and the extent of host diet-
induced changes may differ between individuals. 
Despite these differences in starting position, pyrosequencing data presented above showed 
that, where measurable, similar trends were observed in relative abundance differences of 
taxa in mice on a standard diet or LED diet, in C57/BL6 and BALB/c mice. In particular, 
significantly higher relative abundances of Bacteroides and Parabacteroides groups were 
observed in both BALB/c and C57/BL6 mice on the LED diet, suggesting a similar mechanism 
behind community shift. Changes in host nutritional intake appear to function as a generic 
driver of gut community shift and exerts comparable effects in two different mouse 
genotypes.  
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6.4.2 The contribution of host secretions to bacterial nutrient intake 
varies with host energy intake 
 
Analysis of the human gut metagenome has shown that a large proportion of genes were 
involved in degradation of complex sugars and glycans [52]. These can include both dietary 
glycans and host-derived glycans. Previous studies have found that human milk 
oligosaccharides (HMO) in breast milk mimic the structure of mucus glycans, allowing selection 
for mucus-adapted species such as Bacteroides in the early stages of life [392]. The authors 
suggested that this selective effect promotes development of a healthy gut community 
capable of extracting energy from both dietary and host glycans. 
As dietary nutrient availability from the host diet drops in the colon, I hypothesise that the 
relative importance of host secretions as an alternative source of bacterial nutrition increases. 
My NanoSIMS data shows that microbes capable of utilizing host secretions are present, and 
uptake of host secretions (as determined by 13C and 15N uptake) by gut bacteria occurs under 
standard dietary energy density (4 kcal/g). This indicates that host secretions play a minor role 
in bacterial nutrition under standard dietary conditions.  
In mice on the LED diet, a significantly increased uptake of host secretions by gut bacteria was 
observed compared to samples from the standard diet, confirming my hypothesis that the 
relative importance of host secretions to bacterial nutrition varies with host energy intake.  
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6.4.3 Differential utilization of host secretions potentially reflects 
population fitness and drives community responses on reduction of host 
nutrient intake 
 
As decrease in dietary nutrient availability increases microbial dependence on alternative 
nutrient sources, I hypothesise that the differential ability of microbes to utilize the limiting 
nutrient (host secretions) is the main driver of changes within the gut community.  
In Study 2011:C57/BL6, the relative abundances of Bacteroidia and Verrucomicrobiae were 
found to be higher in hosts maintained on reduced dietary energy density, both in the colon 
and cecum. Previous research has also shown increases in the abundance of these groups in 
fasting Burmese pythons and fasted active hamsters [365, 366]. Both of these classes contain 
mucin-degrading species [71, 393, 394], and I predict that this ability to degrade host 
secretions provides a competitive advantage over microbes with limited degradative ability 
when host nutrient intake is reduced.  
Previous studies in monocolonised mice have found that Bacteroides thetaiotaomicron 
responds to depletion of dietary polysaccharides by switching on a host of genes adapted to 
degradation of host mucus glycans [367]. Members of the Verrucomicrobia phylum, in 
particular Akkermansia muciniphila are mucus-degraders commonly found in human subjects. 
Over 61 genes in the A. muciniphila genome are predicted to encode proteins involved in 
mucin degradation [223, 395, 396].  
Both Bacteroidia and Verrucomicrobiae were predicted to be better able to utilize host 
secretions as a nutrient source, and expected to increase in relative abundance in mice on the 
LED diet. Verrucomicrobiae were not detected at all in the gut communities of the BALB/c mice 
used in this study and thus the lack of response observed in Study 2012:BALB/c is likely to 
reflect their absence, rather than inability to utilize host secretions. I predict that if 
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Verrucomicrobiae were present within a gut community, increased incorporation of injected 
isotopes by this taxon would be observed in mice on the LED diet. 
However, Bacteroidia responded as expected, increasing significantly in mice maintained on 
the LED diet, indicating that such strains are present and able to maintain a selective 
advantage by utilising host secretions in the gut of the BALB/c mice maintained on the LED 
diet. Notably, genera within Bacteroidia responded differentially to the LED diet, with 
Bacteroides and Parabacteroides increasing, while Barnesiella decreased in relative 
abundance. This suggests that metabolic adaptation to host secretion utilization at the fine-
scale taxonomic level has the ability to drive changes at a much higher taxonomic scale.  
Bacteroides and Parabacteroides are both known to contain mucin-degrading species [71],but 
no mention was found in current literature of Barnesiella species capable of mucin 
degradation. This suggests that those microbes capable of degrading mucin and therefore able 
to exploit host secretions as an alternative nutrient source are selected for in conditions of 
reduced host nutrient intake. 
When a morphometric approach was taken, my data confirmed that differential uptake of 
host secretions occurs between cells, with “thin” rods (width ≤ 0.8 µm) associated with greater 
uptake of 15N independent of diet compared to “wide” rods (width ≥ 1.0 µm) (Figure 6.12). As 
predicted, the proportions of this morphotype and their isotope uptake levels were found to 
be higher in mice on the LED diet, supporting my hypothesis that differential ability to utilise 
host secretions drives community changes in response to LED diet treatment.  
Interestingly, on examination of existing literature on the morphology of members of the class 
Bacteroidia shown to respond differentially to changes in host nutrient intake, common 
mucin-degrading species belonging to the Bacteroides and Parabacteroides genera were found 
to be rods, ranging in width from 0.4 – 0.8 µm [397-403], while the Barnesiella type species 
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(Barnesiella viscericola) was found to be a rod-shaped cell of 0.8 – 1.6 µm width [404]. 
However, although these cell morphologies are in line with my morphometric data, it is 
difficult to draw a concrete conclusion with regards to the identity of cells shown to exhibit 
greater uptake of host secretions, purely based on cell morphology. 
Data presented above shows that the proportion of morphotypes exhibiting greater uptake of 
host secretions, and known mucin-degraders, are increased in mice on the LED diet relative to 
those on the standard diet. Further work would be aimed at identifying these microbes and 
establishing a direct link between uptake levels of host secretions and fitness of bacterial 
populations under different host dietary conditions. 
 
6.4.4 Conclusions 
 
Changes in diet cover a wide range of factors including macronutrient content, energy density 
and feeding pattern, as well as food/fibre and energy intake. The impact of diet on the gut 
microbial community and host health shifts according to variations in these factors. For 
example, previous studies have found that development of metabolic syndrome induced 
through consumption of high fat diets was prevented in mice when ad libitum feeding of the 
high fat diet was restricted to an 8 or 12 hr window [263, 405, 406]. This suggests that while 
macronutrient content is capable of influencing host health, dietary regime also plays an 
important part in determining the impact of host diet.  
Compared to mice on the standard diet, mice maintained on LED diets in Study 2011:C57/BL6 
and Study 2012:BALB/c showed significantly higher relative abundance of the Bacteroidia and 
Verrucomicrobia classes, both of which are known to contain mucin-degrading species. Both 
these groups have also been previously observed to increase in abundance in fasted Burmese 
pythons and hamsters [365, 366]. In either case, application of a specific dietary regime 
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resulted in similar gut community shifts. Mucus-degraders are able to avoiding competition 
with luminal microbiota and availability of nutrient sources outside of host-ingested food [74]. 
I postulate that reduction of nutrient availability in the colon, whether through fasting or low 
energy density diets, increases the importance of host secretions and selects for benign 
groups based on differential abilities of microbes to utilise host secretions as an alternative 
nutrient source.  
Analysis modelling the growth of bacterial populations has shown that host secretions at the 
gut epithelium exert a much stronger selective effect compared to dietary nutrients in the 
lumen [407]. In addition, work by Chau Le (University of Sydney, Australia) showed that mice 
maintained on the LED diet showed increased numbers of goblet cells in the gut epithelium, 
indicating an increase in host mucin production that could advantage such mucin-degraders 
under conditions where host nutrient ingestion is reduced.  
Mucus-colonisers provide a protective effect against intestinal pathogens by stimulating 
commensal growth close to the mucus layers and competitive attachment to the gut mucus, in 
addition to serving as a reservoir capable of seeding luminal populations in the event of 
depletion [364, 408]. Both Bacteroides and Akkermansia have been suggested as potential 
biomarkers of gut health and are inversely correlated with diseases states such as 
inflammatory bowel disease, obesity, colitis, appendicitis and autism [149, 223, 390, 396, 409].  
From the data presented here, it appears that lower nutrient availability increases the 
importance of host secretions and selects for benign groups associated with gut homeostasis. 
However, further analyses are required to confirm that groups increasing in relative 
abundance are the same populations exhibiting increased uptake of host secretions. Work is 
currently underway in the lab to combine stable isotope probing (SIP) with pyrosequencing 
analysis for characterisation of gut metagenomic DNA samples fractionated by buoyant 
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density (and thus isotope content) in a CsCl chloride gradient [410, 411]. In this way, uptake of 
host secretions can be directly linked to phylogenetic identity. 
It appears that excessive energy intake in the diet may reduce the competitive advantage of 
groups adapted to utilising host secretions, instead allowing for blooms of potential pathogens 
subsisting on the excess nutrients in the gut environment. Reducing nutrient availability by 
modulating dietary patterns or energy intake may be a viable method for therapeutic 
manipulation of the gut microbiota and promotion of healthy gut outcomes in disease states 
such as obesity and IBD. 
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7 Final Discussion and Conclusions 
7.1 Introduction 
 
The human gut microbial community is known to exert a strong influence on host health and 
development. The presence of gut microbes strongly influences host postnatal development, 
metabolism and endocrine signalling [1, 12, 13, 88, 103, 111, 121-123, 310]. Development of a 
stable gut microbiota structure in early life is thought to be influenced by interactions 
between the gut microbiota and the host immune system. As the adult gut microbiota reflects 
gut colonization outcomes in early life and emergent properties of the gut community have 
profound and long-lasting effects on host health [6, 55, 75], due consideration should be 
afforded to identifying the exact factors influencing community succession and stability in the 
neonate gut community. 
In a healthy individual, host and microbiota exist in homeostasis, where the host immune 
system maintains a state of tolerance, preventing excessive inflammatory responses against 
the native gut microbiota. However, perturbation of this system can occur as a result of 
stressors such as inadequate nutrition, pathogen invasion or antibiotic treatment. This results 
in loss of tolerance and gut dysbiosis, defined here as any reduction in the performance of the 
entire system (ie. host health) where shifts in the gut microbial community are a causal factor. 
Gut dysbiosis has been implicated in many inflammatory diseases including diabetes, obesity 
and ulcerative colitis. 
Attempts to modulate the gut community, either to maintain a healthy state or to shift from a 
disease state have mainly focused on dietary interventions. Diet is known to strongly influence 
the gut microbial community composition both in the short and long term and remains one of 
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the most promising avenues for therapeutic manipulation of the gut community structure for 
health. 
In this thesis, two broad aims have been explored. The first is identification of host and 
microbial factors influencing development of stability and determining colonisation outcomes 
in the gut in the early stages of life. Identification of factors influencing colonisation outcomes 
in early life will inform public health guidelines, particularly in childhood when the influence of 
the environment on the developing gut microbiota is strongest, in addition to improving 
options for therapeutic manipulation of the gut microbiota through introduction and stable 
perpetuation of desired groups. 
The second aim explores the potential for manipulating the gut microbial community structure 
through dietary intervention. Analysing the responses of the microbiota to changes in dietary 
energy density and macronutrient ratios will allow deeper understanding of the mechanisms 
by which dietary changes induce gut community shifts, guiding clinical and public health 
recommendations for simple and efficient modulation of the gut microbiota through diet.  
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7.2 Host-microbe Interactions influence Development of Stability 
and Colonisation Outcomes in the Neonate Gut 
 
Colonisation of the mammalian gastrointestinal tract begins at parturition and the microbial 
community undergoes rapid ecological succession during which initial populations are 
progressively replaced by new populations as the host matures. The gut community gradually 
stabilises into an adult community structure both resistant and resilient against change. 
Previous work with piglets observed the existence of the cohabitation effect, where profiles of 
cohabiting piglets displayed significant similarity during a specific window of time prior to 
development of a stable gut microbial community structure [281]. This implies that during this 
critical window, the fate of the developing host-microbial relationship is especially subject to 
external influence. 
Based on the hypothesis that some of the developmental changes are triggered by microbes, I 
adopted a strategy aimed at isolating genes that appeared at the time of interest, successfully 
enriching for genes differentially represented in the community sampled at during the critical 
window and after the onset of stability. While advances in high-throughput sequencing 
technologies have reduced the time and costs involved in metagenomic community 
characterisation, my work has shown that temporally linked sample sets are invaluable for 
addressing ecological questions. In combination with submetagenomics, contextual 
information can be preserved or reconstructed, allowing sequences identified through 
bioinformatics to be assigned to biologically meaningful units. 
The cohabitation effect observed previously was also found to coincide with a period of 
dynamic change in the gut community and a large drop in free IgA in the piglet faeces (Figure 
7.1, 7.2). In Chapter 4, I determined that neonate production of IgA commences by 3 weeks of 
age, and IgA is not only present in the gut, but able to recognise and bind specific microbial 
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populations. The observed drop in free faecal IgA is therefore likely due to limiting amounts of 
IgA being produced at this point.  
FIGURE 7.1 Diagram showing changes in levels of maternal IgA, and bound and free neonate IgA 
from birth to development of stability in piglets. Maternal IgA levels gradually decrease in the first two 
weeks of life. During the critical window (weeks 3-4), most of the neonate IgA produced is cell-bound, 
resulting in low levels of free IgA. By week 5, high levels of IgA are produced, observed as high levels of 
both free and bound IgA, coinciding with development of stability. 
 
An interesting observation was the coincidence of community stability with neonate IgA 
production reaching saturating levels at 4 - 5 weeks of age. This suggests two potential roles 
for IgA recognition of microbes in development of the neonate gut community structure. 
Firstly, IgA recognition during this critical period may exert a deterministic effect on the fate of 
microbial populations in the gut community, influencing colonisation outcomes and 
contributing to the cohabitation effect. Secondly, production of saturating levels of IgA signals 
the onset of stability in the gut community or otherwise indicates maturation of host immune 
system components responsible for stability. Previous work in mice has shown that successful 
induction of IgA response by specific microbes attenuates stimulation of the host immune 
system on subsequent challenge [89, 325]. Commensal recognition and host response down-
regulation may be essential for development of stability and tolerance towards commensals in 
maintenance of gut homeostasis. 
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FIGURE 7.2 Key points in gut community development map to interactions between microbes 
and the host immune system. During the critical window of environmental influence at 3 - 4 weeks of 
age (yellow), neonate piglets were found to have commenced production of IgA capable of recognising 
and binding gut populations. However, the majority of available IgA at this point is cell-bound (orange 
and green bars), evidenced by low levels of free IgA in the faeces (grey bars). As IgA production 
increases, levels of bound cells as well as free IgA in faeces increases. It appears that the onset of 
stability (background green gradient) coincides with neonate production reaching saturating levels at 4 - 
5 weeks of age in piglets, indicating a potential role of IgA recognition in development of gut community 
stability. 
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Previous studies in rats have shown that prior to the onset of gut community stability, a strong 
increase in gut bacterial diversity was observed to coincide with expected depletion of 
maternal IgA in the neonate system [24], suggesting that temporal trends in free and bound 
IgA levels observed in the data presented above are conserved across different animal models. 
IgA may therefore be of use as a marker for comparable stages of microbiome development 
across animal models. 
My data indicates that IgA is likely to be a host factor capable of influencing colonisation 
outcomes and indicating stability in the neonate gut. Further work on this host-microbe 
crosstalk should focus on identifying microbial cell-surface factors recognised by host IgA and 
the exact impact of IgA-binding, or degree thereof, on colonisation outcomes in the neonate 
gut. Understanding the mechanisms by which stability is established in the neonate gut is 
essential as colonisation outcomes in early life have long-reaching consequences well into 
adulthood. It appears that timing is crucial in determining the extent of external influence on 
the developing gut community and should be considered in management of diet and 
environment as well as antibiotic use in children. In this way, external influences in early life 
can be modulated to promote a development of a healthy and stable adult gut microbiota.  
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7.3 Diet and Host Factors play an Important Role in Bacterial 
Nutrition and Modulation of Gut Community Structure  
 
Disruption of the balance between the host immune system and commensals in the gut is 
postulated to lead to gut dysbiosis, changes in community structure and increased risk of 
diseases such as obesity and diabetes. Analyses of many inflammatory disease states show 
that the composition of the gut microbiota is altered in these cases compared to healthy 
controls [134-141, 145, 146, 153, 155]. Understanding these changes and identifying methods 
of modulating the gut community to promote a healthy gut ecosystem will allow prevention or 
alleviation of dysbiosis in the gut. 
Diet is known to be an important factor influencing the composition of the gut microbial 
community [230, 233, 256, 257]. I have shown that compared to cecum samples, formed stool 
samples are a more sensitive indicator of diet-induced community shifts in the mouse gut. 
Comparisons of gut community composition before and after dietary changes or in separate 
animals placed on different diets, remains an invaluable method of tracking changes induced 
by host diet factors. However, the mechanics by which diet induces change are poorly 
understood.  
My data showed that the aspect of diet composition with strongest impact on the gut 
community was dietary energy density. However, changes in dietary energy density alter a 
host of correlated variables such as total energy intake, total food intake and transit time of 
intestinal contents. When dietary energy density is reduced, a combination of these factors 
reduces the availability of nutrients to gut microbes, increasing the importance of host 
secretions to bacterial nutrition. 
Compared to mice maintained on a standard diet, significantly higher relative abundances of 
Verrucomicrobiae and Bacteroidia were observed in mice on a low energy density diet. Several 
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species within these classes are known to have mucin-degrading capabilities, hypothesised to 
confer a selective advantage over other microbial groups in conditions of reduced host 
nutrient intake. By tracking intravenously injected threonine incorporated into host secretions, 
a direct link was demonstrated between host dietary energy intake and bacterial uptake of 
host secretions. Morphological analysis showed that differential uptake of host secretions 
occurred, indicating the presence of a subset of the microbial population potentially better 
adapted to reduction in host nutrient intake.  
A direct correlation has not been established between the ability of a specific microbial group 
to take up host secretions and the increased relative abundance of that taxon in the gut 
community. Current work in the lab is aimed at combining DNA-SIP (stable isotope probing) 
and pyrosequencing analysis to link uptake of host secretions to phylogenetic identity (Eline 
Klaassens, pers. comm.). This fractionation method is based on differences in buoyant density 
(and thus heavy isotope content) of the sample in a CsCl gradient [410, 411]. Pyrosequencing 
of sample fractions then allows linking of isotope uptake to microbial identity. Although 
NanoSIMS analyses indicated an uneven distribution of the 13C tracker isotope throughout 
bacterial cells which may impact sample fractionation by SIP, the use of dual isotope SIP 
(identifying incorporation of both 13C and 15N) has been suggested to improve differentiation 
of DNA/RNA buoyant density [413]. An alternative method is RNA-SIP [414], which affords 
higher sensitivity as RNA synthesis occurs at a higher rate compared to DNA synthesis which is 
dependent on cell replication. RNA-SIP therefore allows a better representation of cellular 
activity independent of cell replication rate. 
The observed increase in relative abundance of mucin-degrading species suggests that the 
main host secretions contributing to bacterial nutrition are mucins produced by goblet cells in 
the gut epithelium. However, another potential energy source produced by host cells is 
secretory IgA. I previously identified the importance of IgA in development of stability and 
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colonisation outcomes in neonate pigs. Large amounts of IgA are secreted into the gut daily 
and the hinge region is known to contain several threonine residues [316-318, 415, 416]. In 
addition, both pathogens and commensal bacteria are known to produce proteases targeting 
the IgA hinge region [417-419]. This ability is thought to be a method by which pathogenic 
species circumvent IgA-mediated defense mechanisms. However, it is possible that 
commensals may benefit from this by using host-secreted IgA as an alternative energy source 
on reduction of host nutrient intake. While it remains to be identified which host secretions 
are taken up, it is clear that the shift from ingested nutrients to host-secreted nutrients is 
capable of driving gut community change.  
I have also shown that the relative importance of host secretions to bacterial nutrition 
compared to host-ingested nutrients is reduced in mice fed high energy density diets. This 
suggests that excessive dietary energy intake may decrease the competitive advantage of 
benign groups adapted to utilisation of host secretions. This falls in line with the concept of 
fitness in the public mindset which generally centres on caloric intake reduction and increase 
in physical activity. However, while energy intake is important, the gut can be likened to a 
chemostat where feed rate and frequency also exert strong influence on the system.  
Previous research has found that mice kept on a high fat diet (HFD) were prevented from 
developing metabolic syndrome by restricted ad libitum feeding to an 8-12 hr window [263, 
405]. I postulate that such a cyclical feeding regime allows for a period of fast, during which 
the main nutrient source in the gut shifts to host secretions at the epithelial surface, mirroring 
effects of reduced caloric intake. In this manner, selection for benign groups adapted to 
utilisation of host secretions and colonisation close to the mucosal surface occurs. I predict 
selection for these benign groups prevents development of HFD-induced metabolic syndrome 
by limiting growth of potentially pathogenic groups that would otherwise subsist off the 
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excess energy afforded by ad libitum HFD feeding, demonstrating the importance of not just 
diet composition, but pattern of intake, to the effects of diet on host health. 
Full consideration of the many variables by which changes in diet induce shifts in the gut 
community will allow future dietary therapy encompass not only diet composition and energy 
density, but also host intake patterns and the predicted responses of the gut community to 
manipulation. 
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7.4 Future Directions in Therapeutic Manipulation of the Gut 
Microbiota for Host Health 
 
Differences between the gut community structure in healthy individuals and disease-
associated individuals are a hallmark of many autoimmune and inflammatory diseases. Little 
correlation has been found between any one species and disease states such as obesity or 
IBDs – the community structure as a whole appears to be implicated in development of 
disease in the host.  
Interactions between host and microbial factors in early life profoundly impact the developing 
gut microbiota structure. Understanding these factors allow early-stage interventions aimed at 
disease prevention by modulating the gut community towards a stable and healthy structure. 
My work has further emphasized the importance of interactions between the environment 
and the developing neonate immune system in early life as well as shown that the timing of 
these interactions strongly influence gut colonisation outcomes. 
In adulthood, therapeutic interventions would be directed at disease management and 
reducing disease risk by modulation of the existing gut community structure. Improvement of 
patient health can be viewed in terms of shifting from an undesirable gut community structure 
dominated by pro-inflammatory species to a healthy microbiota structure tolerated by the 
host immune system. Dietary modification remains an easily tailored, non-invasive and low-
cost option for long-term management of the gut community. Design of dietary interventions 
for promoting a healthy gut community should expanded to not only include traditional 
approaches focused on controlling caloric intake and food sources, but also to consider the 
manner in which host food intake patterns impact microbe nutrient utilization in the gut.  
Development of personalised nutrition and therapeutic strategies is increasingly important as 
understanding increases of the impact of interindividual variation on host metabolism and 
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responses to drug or dietary treatment. However, further work needs to be done to 
investigate the long-term effects of diet therapy, host metabolic and gut community responses 
and whether observed changes can be stably perpetuated in the gut. By understanding the 
basis of a “healthy gut” and the impact of compositional and functional diversity in the gut 
microbiota, informed decisions can be made with regards to designing personalised 
therapeutic interventions targeted at maintenance of a healthy gut and modification of 
community structure for disease treatment and prevention. 
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S1 SUPPLEMENTARY DATA TO CHAPTER 3 
S1.1 Temporal characterisation of piglet gut community structure 
S1.1.1 DGGE analysis 
Temporal analysis of piglet gut community structure was conducted as detailed in Chapter 3 
(section 3.3.1). Gel analysis was conducted in Quantity One (Bio-Rad Laboratories, USA). Figure 
S1.1 and Table S1.1 show an example clustering dendrogram and similarity matrix generated 
using the analysis software. 
FIGURE S1.1 UPGMA clustering dendrogram of gut community profiles from 17 samples over a 5 
week duration in piglet 9. The gut community profiles begin to cluster together after 28 days of age in 
piglets, indicating the onset of stability. 
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TABLE S1.1 Similarity matrix examining the onset of stability by DGGE profile comparison of 
faecal microbiota samples from day 5 to 36 of age in piglet 9. Piglet age is shown in days. Values were 
calculated using the Dice Coefficient method. Increasing gradient of shading indicates increasing 
similarity values. 
 
 
DGGE temporal analysis confirmed that the gut community in all three piglets had undergone 
characteristic microbial succession, attaining stability by week 5 (Figures S1.2-1.4). This 
confirms previous work analysing community succession in piglets [281]. 
 
FIGURE S1.2 DGGE temporal community profiling showing the onset of stability at 5 weeks of age 
in piglet 1. Samples selected for IgA analysis in Chapter 4 are marked by red asterisks. 
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FIGURE S1.3 DGGE temporal community profiling showing the onset of stability at 5 weeks of age 
in piglet 9. Samples selected for IgA analysis in Chapter 4 are marked by red asterisks. 
 
FIGURE S1.4 DGGE temporal community profiling showing the onset of stability at 5 weeks of age 
in piglet 10. Samples selected for IgA analysis in Chapter 4 are marked by red asterisks. 
 
These results were used in Chapter 3 to select samples spanning closure of the critical window 
of environmental dependence (before 25 days and after 28 days of age in piglets) and in 
Chapter 4 to direct selection of samples spanning weeks 3 to 5 for IgA analysis (marked by red 
asterisks in Figures S1.2-1.4).  
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S1.2 Suppressive subtraction hybridisation 
S1.2.1 Sample selection analysis by DGGE 
Samples from piglet 2, 9 and 10 were selected for SSH fractionation. Piglet 9 and 10 were 
reared as penmates and are expected to exhibit the cohabitation effect. Piglet 2 is a non-
penmate sibling. Three samples from each piglet were analysed using 16S PCR-DGGE prior to 
the SSH procedure to analyse the community structure. Samples were PCR amplified using 
primers 968-F-GC and 1401R [265], targeting the V6-V8 region of the 16S rDNA. PCR was 
performed as described in section 2.3.1. PCR products were confirmed by agarose gel 
electrophoresis using a 1.5% agarose gel in 0.5X TBE run at 180 V for 20 mins before ethidium 
bromide staining and UV visualisation (section 2.4.1). 
DGGE was performed using the DCode system (Bio-Rad Laboratories, USA) as outlined in 
section 2.4.2, followed by silver staining as described in section 2.4.2.1 [274]. Gels were 
imaged using a GS-800 calibrated densitometer (Bio-Rad Laboratories, USA) (Figure S1.5). 
 
FIGURE S1.5  DGGE community profiles from piglets 2, 9 and 10 from samples taken at 17, 24 and 
31 days of age. 
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FIGURE S1.6 UPGMA clustering dendrogram of gut community profiles from 3 piglets at days 17, 
24 and 31 of age. The cohabitation effect is seen where penmates (piglets 9 and 10) have a greater 
similarity between gut community profiles at 24 days of age, prior to onset of stability at 28 days of age. 
 
Samples from piglets 9 and 10 at 24 days of age clustered closely together (Figure S1.6) , as 
expected from the cohabitation effect which states that environmental influence on gut 
community structure is strongest in the period just before stability is established in piglets. 
S1.2.2 DGGE analysis of MDA fidelity 
DNA samples were whole genome amplified using the REPLI-g® UltraFast Mini Kit (QIAGEN, 
USA) as detailed in Chapter 3 (section 3.2.2.3). MDA-amplified samples were analysed by 
DGGE to compare the amplified sample community profile to the original metagenomic 
sample community profile.  
Samples were PCR amplified using primers 968-F-GC and 1401R [265], targeting the V6-V8 
region of the 16S rDNA. PCR was performed as described in section 2.3.1. PCR products were 
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confirmed by agarose gel electrophoresis using a 1.5% agarose gel in 0.5X TBE run at 180 V for 
20 mins before ethidium bromide staining and UV visualisation (section 2.4.1). DGGE was 
performed using the DCode system (Bio-Rad Laboratories, USA) as outlined in section 2.4.2, 
followed by silver staining as described in section 2.4.2.1 [274]. Gels were imaged using a GS-
800 calibrated densitometer (Bio-Rad Laboratories, USA).  
Analysis of the gel images was done in Quantity One (Bio-Rad Laboratories, USA) as described 
in section 2.4.2.2. A match tolerance of 2% was used to match detected bands and pairwise 
comparisons between original and MDA-amplified samples were done. DGGE community 
profile analysis showed that the community composition post-amplification was highly similar 
to the original sample and faithful amplification had been achieved. 
FIGURE S1.7 DGGE profile comparison between MDA-amplified samples and the original 
metagenomic sample to determine MDA fidelity. 
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S1.2.3 DGGE analysis of SSH fractionation success 
The ability of SSH to temporally fractionate genes was tested using genomic DNA of 24 day 
communities as the driver (DNA to be removed) and genomic DNA from day 31 communities 
of the same pig as the tester (sample that contributes template to the final assay).  
The first two SSH experiments were conducted to temporally fractionate samples from pigs 9 
and 10, the penmates that had undergone parallel community development. These DNA 
samples were designated SSH(D924;T931) and SSH(D1024;T1031). The third SSH experiment was a 
spatial fractionation on samples collected at the same time (day 24) using piglet 9 as driver 
and piglet 10 as tester, designated SSH(D924;T1024).  All three SSH experiments were assessed 
using PCR-DGGE with primers 968-F-GC and 1401R (Figure S1.8-1.10). 
FIGURE S1.8  Evaluation of the SSH reaction on samples from piglet 10 via DGGE profile 
comparison. DGGE profiles from samples taken from Piglet 10 at 24 and 31 days of age were examined. 
Samples were loaded in the above order as bracketed: FastPrep DNA extractions (lanes 1, 2), MDA-
amplified DNA (lanes 3, 4) and SSH (PCR1, lanes 5, 6; PCR2, lanes 7, 8). The final SSH profile indicates 
that the original profile has been greatly simplified following the hybridisation reaction. Bands of 
mobility numbered *1-5 were excised from lane 6, cloned and sequenced. The red arrows indicate 
examples of bands present in the driver profile but absent from the tester profile; these early-
presenting operational taxonomic units (OTUs) were expected and observed to be subtracted from the 
final profile. The blue arrows show examples of bands present in the tester profile but absent from the 
driver profile; these late-appearing OTUs were expected and observed to be enriched for in the final 
profile. 
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FIGURE S1.9  Evaluation of the SSH fractionation on samples from piglet 9 via DGGE profile 
comparison. DGGE profiles from samples taken from Piglet 9 at 24 and 31 days of age were examined. 
Samples were loaded in the above order as bracketed: FastPrep DNA extractions (lanes 1, 2), MDA-
amplified DNA (lanes 3, 4) and SSH (PCR1, lanes 5, 6; PCR2, lanes 7, 8). The final SSH profile appeared to 
contain bands of similar mobility to those in the Piglet 10 profiles (Figure 3.6). Bands of mobility 
numbered *1-5 were excised, cloned and sequenced. Insufficient MDA product was loaded into lanes 3 
and 4 to obtain a clear image. However, repetition of this gel confirmed that the MDA profile was highly 
similar to the profile from the original DNA sample (data not shown). 
 
FIGURE S1.10  Validation of the SSH reaction on samples from piglet 9 and 10 via DGGE profile 
comparison. DGGE profiles from samples taken from Piglet 9 and Piglet 10 at 31 days of age were 
examined. Samples were loaded in the above order as bracketed: FastPrep DNA extractions (lanes 1 and 
2), MDA-amplified DNA (lanes 3 and 4) and SSH (PCR1, lanes 5 and 6; PCR2, lanes 7 and 8). The final SSH 
profile from this sample did not appear significantly similar to the profile obtained previously. Severe 
‘smiling’ is observed in the final two lanes of the gel but reproducibility of SSH is maintained. 
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The final SSH profiles from all three experiments indicate that the original profile has been 
greatly simplified following the hybridisation reaction. Bands present in the driver profile but 
absent from the tester profile (driver-unique sequences) were expected and observed to be 
subtracted from the final profile. Tester-specific sequences were expected and observed to be 
enriched for in the final profile. Full results are detailed in Chapter 3 (section 3.3.3). 
 
S1.2.4 Band analysis from DGGE profiles of fractionated samples 
 
The cohabitation effect predicts that the communities of pigs 9 and 10 form pseudo-replicates. 
If SSH had successfully enriched for tester-specific sequences in the final sample as validated 
by DGGE, similar sequences are expected appear in the final profiles from Pig 9 and Pig 10 To 
test this, the five most abundant bands of each set were excised from the subtracted sample 
lanes and reamplified before cloning and sequencing. The retrieved sequences were screened 
by BLAST and representative database sequences chosen to construct a phylogenetic tree 
based on a 260 bp alignment using the neighbor-joining method (Figure 3.7).  
Five of the most distinct bands from the DGGE gels in Figure S1.8 and S1.9 (band diagram in 
Figure 3.6) were excised and reamplified before cloning into competent cells. Plasmid DNA 
purified from successful clones was sequenced. Retrieved sequences were analysed using 
BLAST [301]. Results are tabulated in Table S1.2. A phylogenetic tree was constructed based 
on the retrieved sequences and selected representative database sequences using a 260 bp 
alignment by the neighbor-joining method (Figure 3.7). Bands with similar mobility were found 
to be related. It was also observed that bands of different mobilities were not necessarily 
unrelated, as in with bands from positions 2 and 5. 
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TABLE S1.2  Top BLAST hits obtained for 16S rDNA sequences amplified from excised SSH DGGE 
profile bands. E-values and % identity for each is shown on the right.  Sequencing for band 3 from 
SSH(D1024;T1031) was unsuccessful. There appeared to be correlation between results from bands of 
similar mobility.  
 
 
S1.2.5 Analysis of fragment length recovered from SSH fractions 
The subtracted fraction was analysed to determine the maximum length of sequences 
recoverable after subtraction. A selection of primers targeting the 16S variable regions were 
made to cover a range of fragment sizes (Table S1.3). PCR reactions contained: 1X Thermopol 
buffer, 5 mM dNTPs, 12 pmoles of each primer, 1 U Taq DNA Polymerase and 10 ng faecal 
DNA. The following program was used: initial denaturation of 1 min at 94°C, then 30 cycles of 
denaturation (94°C, 30 s), annealing (56°C, 30 s) and extension (72°C, 30 s), with a final 
extension of 5 mins at 72°C. 
TABLE S1.3 Primer sequences used for analysis of sequence length for subtracted SSH samples. 
 
 
 
 
 
 
 
 
 
 
Primer Sequence (5’ to 3’) Ref 
968F AACGCGAAGAACCTTAC [265] 
357F  CCTACGGGAGGCAGCAG [267] 
27F AGAGTTTGATCMTGGCTCAG [268] 
1401R CGGTGTGTACAAGACCC [265] 
797R GGACTACCAGGGTATCTAATCCTGTT [420] 
518R ATTACCGCGGCTGCTGG [267] 
1492R TACGGYTACCTTGTTACGACTT [268] 
926R CCGTCAATTCCTTTRAGTTT [267] 
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TABLE S1.4 Primer combinations and amplification success.  
Forward Primer Reverse Primer Expected Size (bp) Amplification 
968F 1401R 433 √ 
357F 797R 440 √ 
27F 518R 491 √ 
968F 1492R 524 X 
357F 926R 569 X 
 
Different primer combinations were tested by PCR and the fragment size recoverable after 
subtraction was found to be about 500 bp (Table S1.4). This is sufficient for use of SSH 
products in various downstream applications including probe design and library screening. 
S1.2.6 Size range of extracted high molecular weight DNA  
Hi-MW DNA required for fosmid library construction was extracted from a sample taken from 
piglet 9 at 31 days of age using a modified soil metagenomic DNA extraction protocol [276]. 
DNA yield was approximately 5 μg/μl with a size range from < 0.5 kb to > 25 kb (Figure S1.11).  
 
FIGURE S1.11 Size range and shearing test of high molecular weight DNA extractions. 0.5 μg each  
of λ DNA/HindIII ladder and 1 kb DNA ladder was loaded in lanes 1 and 2. 15 μg each of neat DNA 
extract (Lanes 3, 5) and a 1/10 dilution (Lanes 4, 6) was loaded and run on a 1% agarose gel in 0.5X TBE, 
stained with ethidium bromide and visualised under UV transillumination. 
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S2 SUPPLEMENTARY DATA TO CHAPTER 4 
S2.1 Effect of freeze-storing on community composition in piglet 
faecal samples 
 
To determine if the use of frozen faecal samples from previous animal trials would impact 
community profiling results, fresh extractions were made of previously-extracted samples by 
the same bead-beating method as previously done (detailed in section 2.2). Both the original 
metagenomic DNA samples (extracted soon after collection in 2006) and freshly extracted 
DNA from the same faecal sample stored at -20’C after three years were amplified and 
analysed by DGGE (section 2.4.2).  
 
FIGURE S2.1 Example of DGGE fingerprint comparing community profile obtained from DNA 
extracted from freshly collected faecal samples (2006) and DNA extracted from the same sample 
frozen after three years (2009). Pairwise comparisons indicated that the profiles were highly similar 
with an average similarity of 94%. The blue arrows indicate differences observed in the banding 
patterns. 
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Samples compared were found to be highly similar with an average similarity of 94% by 
pairwise comparison (Figure S2.1). As the majority of samples analysed were available as 
original extractions, these were used where possible with new extractions performed when 
required for DNA analysis. All cell imaging was conducted with freshly fixed cells from the 
frozen faecal samples (section 4.2.2). 
 
S2.2 Optimisation of cell washing and density for fluorescence 
microscopy 
Washed cells were Gram-stained and observed under a light microscope to determine the 
debris removal efficiency of the washing steps. The collected and washed supernatants were 
found to contain much less debris (food particles and host eukaryotic cells) compared to the 
diluted homogenate prior to washing (Figure S2.2).  
FIGURE S2.2 Debris removal efficiency of cell washing steps prior fluorescence analyses. (A) 
Diluted faecal homogenate prior to washing contains high amounts of debris including mucus flocs, host 
eukaryotic cells and food particles. (B) Cleaned cells collected after washing and spinning down to 
remove debris. 
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After fixation, cells were diluted to determine the optimal density for visualisation and 
counting under fluorescence microscopy. A range of dilutions were tested by visualising under 
bright-field microscopy (Figure S2.3). An OD600 of between 0.04 and 0.05 was selected as a 
suitable range for further analysis. 
FIGURE S2.3 Fixed cells visualised under bright-field microscopy to determine optimal cell density 
for fluorescence microscopy analyses. Samples were diluted to an OD600 of ≈0.04 for visualisation. 
 
S2.3 Example DGGE gels of gut microbial community profiles from 
IgA-bound, non-bound and whole community samples 
 
13 DGGE gels in total were analysed for section 4.3.4 and 4.3.5, 9 using universal primer pair 
968-F-GC and 1401R, and 4 using Clostridium leptum subgroup-specific primer CT10 and 
universal 1492R. Samples were grouped according to piglet and all analyses were done within 
gel (no comparisons were made between separate gels). Gels below show an example of one 
gel from each piglet (Figure S2.4-6).  
 
To determine if IgA binding targeted a population distinct from the unbound population, DGGE 
analysis was conducted to calculate pairwise comparisons between the community profiles 
obtained for the IgA-bound fraction and the non-bound fraction. Community analysis of the 
IgA-bound fractions and non-bound fractions showed that distinct community profiles were 
observed between the populations recognised by IgA and unbound populations (Figure S2.6a). 
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FIGURE S2.4 DGGE gel of samples from piglet 1 amplified using universal primer set 968-F-GC and 
1401R showing whole community profiles from week 5 and IgA-enriched and depleted (Elution 1, 2, 3) 
fractions after magnetic separation from weeks 3, 4 and 5. The fractionation was replicated to 
determine reproducibility of the technique (Fractionation 1 and 2). 
FIGURE S2.5 DGGE gel of samples from piglet 9 amplified using universal primer set 968-F-GC and 
1401R showing whole community profiles from week 5 and IgA-enriched and depleted (Elution 1, 2 ,3) 
fractions after magnetic separation from weeks 3, 4 and 5.  
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FIGURE S2.6 DGGE gel of samples from piglet 10 amplified using universal primer set 968-F-GC 
and 1401R showing whole community profiles from week 5 and IgA-enriched and depleted (Elution 1, 
2, 3) fractions after magnetic separation from weeks 3, 4 and 5.  
 
 
FIGURE S2.6a Box-plots showing pairwise comparisons between DGGE community profiles of IgA-
bound and non-IgA-bound fractions from weeks 3 to 5 of age in 3 piglets using universal 16S PCR-
DGGE primers (n = 9) and C. leptum group-specific primers (n = 4). IgA-bound fractions and non-bound 
fractions showed that distinct community profiles were observed between the populations recognised 
by IgA and unbound populations. Community profiles diverged further at week 5 compared to week 3, 
although not to a significant degree. 
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S2.4 Example dendrograms showing clustering of DGGE profiles 
from IgA-bound, non-bound and whole community samples 
 
Dendrograms were constructed for the 13 DGGE gels analysed for section 4.3.5 using the 
UPGMA method and weighted data. Samples were grouped according to piglet and all 
analyses were done within gel (no comparisons were made between separate gels). 
Dendrograms below show an example of one dendrogram from each piglet (Figure S2.7-9). 
 
FIGURE S2.7 UPGMA clustering dendrogram using weighted data from IgA-bound, non-IgA-bound 
and whole community DGGE profiles of samples from weeks 3 to 5 of age in piglet 1 amplified using 
universal primer set 968-F-GC and 1401R. 
 
FIGURE S2.8 UPGMA clustering dendrogram using weighted data from IgA-bound, non-IgA-bound 
and whole community DGGE profiles of samples from weeks 3 to 5 of age in piglet 9 amplified using 
universal primer set 968-F-GC and 1401R. 
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FIGURE S2.9 UPGMA clustering dendrogram using weighted data from IgA-bound, non-IgA-bound 
and whole community DGGE profiles of samples from weeks 3 to 5 of age in piglet 10 amplified using 
universal primer set 968-F-GC and 1401R. 
No significant differences were found between clustering of IgA-bound or non-bound 
community profiles in Weeks 4 and 5 to the final community profile at 5 weeks of age in 
piglets. However, IgA-bound community profiles in Week 3 were found to consistently cluster 
away from the final community profile, suggesting that any influence of host IgA-binding on 
colonisation outcomes commences after this period.  
 
S2.5 Assessing the impact of void order on microbial composition 
in a stool sample 
 
DGGE analysis was conducted to determine if the microbial community composition in 
samples from human volunteers would be influenced by the time of voiding sequence at 
which the sample was collected (Figure S2.10). Fresh stool samples were collected from a 
volunteer over a period of four days. At each time-point, a sample of stool was collected at the 
start (A), middle (B) and end (C) of defecation. DNA was extracted from each sample and 
DGGE analysis was conducted as in section 2.2, 2.4.2.  
No significant differences were observed between community profiles of samples collected at 
different points in the void sequence. In addition, no significant differences were observed 
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over the 4-day sampling period, indicating that no major community fluctuations occur in the 
short term (provided no perturbations to the system have been introduced).  
 
FIGURE S2.10 DGGE analysis of impact of void order on community profiles. Stool samples were 
collected over 4 days, with a sample collected at the start (A), middle (B) and end (C) of defecation. Void 
order did not appear to significantly affect community composition. 
 
 
S2.6 Patient records from study baseline and completion 
 
Weight records were obtained for the 18 patients analysed at baseline (before commencing 
treatment) and after 12 weeks at study completion (end). 14 of the patients returned for study 
follow-up after 1 year and patient weights a year post-study were recorded as well. (Table 
S2.1). Levels of blood C-reactive protein (CRP) was measured at baseline and study end. 
Recorded data was tabulated and changes were calculated (Table S2.2). 
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TABLE S2.1 Table of patient weights (kg) at baseline, study completion (end) and after 1 year. 
Data is separated by diet treatment and degree of weight loss achieved after the 12-week study 
duration (low, medium, high). 
 
 
TABLE S2.2 Table of patient blood C-reactive protein levels at baseline and study completion. 
Data is separated by diet treatment and degree of weight loss achieved after the 12-week study 
duration (low, medium, high). Normal blood CRP levels range between 0 to 3 mg/L. 
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S2.7 Identifying correlations between IgA-bound cell levels and 
degree of diet-induced weight loss 
 
Data was separated into the two treatment groups and analysed separately to determine any 
diet treatment-specific correlations, and then combined and reanalysed. Two questions were 
explored: 1) the impact of initial levels of IgA-bound microbial populations on degree of weight 
loss and community shift observed, and 2) if changes in levels of IgA-bound gut microbial 
populations were correlated to degree of weight loss and community shift observed. Statistical 
evaluation was conducted in Excel 2007 (Microsoft, USA) using  ANOVA and Tukey’s HSD. 
However, no correlation was found between starting levels of IgA-bound cell populations and 
the degree of community shift or weight loss achieved on either diet separately or together. 
There was also no significant trend of increase or decrease in IgA-bound cell populations 
correlating to degree of weight loss achieved on either diet separately (Figure S2.11) or with 
treatments combined (Figure S2.12). 
FIGURE S2.11  Changes in IgA-bound cells (%) from study baseline to end for patients on a Korean 
or Western diet experiencing low, medium and high weight loss. No significant increase or decrease in 
IgA-bound cell percentages was found to be associated with weight loss success. 
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FIGURE S2.12  Changes in IgA-bound cells (%) from study baseline to end for patients experiencing 
low, medium and high weight loss. Data here is pooled from both Korean and Western diet treatments. 
No significant increase or decrease in IgA-bound cell percentages was found to be associated with 
weight loss success. 
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S3 SUPPLEMENTARY DATA TO CHAPTER 5 
S3.1 Mouse study details 
 
Eight week-old Male C57/BL6 mice were obtained from the Animal Resources Centre (Perth, 
Western Australia) and housed individually in environmentally controlled conditions 
(temperature 22°C, light cycle from 07:00 to 19:00 h and dark cycle from 19:00 to 07:00 h). 
Mice were allowed ad libitum access to food and water throughout the study. Tissue and 
carton rolls were provided for nest building and environmental enrichment.  
Custom diets were manufactured by a local stockfeed company (Gordon’s Specialty 
Stockfeeds, Yanderra, New South Wales, Australia). Diets were given in the form of dry pellets 
(diameter 1.5 cm x length 5 cm) and were isocaloric within each energy density level (2,3 and 4 
kcal/g), varying in protein/carbohydrate/ fat composition only (Figure S3.1). Mice were fed 
with standard laboratory chow for the first week after delivery to allow them to adapt to the 
new environment. From the second week, mice were fed one of the experimental diets. 
 Accurate measures of food intake across 2-day periods were derived from the difference 
between the mass of food provided and the mass remaining after 2 days, including spillage. 
Food and spillage were weighed on an electronic balance (Mettler Toledo) to within 0.1 mg. 
Food spillage was recovered using a no-spill mouse cage insert. Food intake was measured 
until 12 weeks after entry into the experiment, by which time mice were 21 weeks old. After 
this, food intake was no longer recorded due to mice having settled into a stable daily intake 
pattern. Before culling at 15 months, mice were fasted for 3 hours and then a lethal dose of 
sodium pentobarbitone (120 mg/kg, ip) was administered. All mice were culled between 10:00 
and 13:00 h to minimize circadian variation. 
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FIGURE S3.1 Compositions of the 10 diets of differing protein/carbohydrate/fat (P/C/F) ratios used in 
this study at 3 energy densities (2, 3 and 4 kcal/g). 
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S3.2 Pyrosequencing data 
 
A total of 140 samples were selected from the sample set sent for DNA pyrosequencing – 1 
cecum and 1 colon sample each from 70 mice. A total of 1 570 612 reads were returned after 
processing; 843 406 from the cecum samples and 727 206 from the colon, ranging from 4 763 
to 32 317 reads per sample. Reads were binned at three different taxonomic levels – class 
(Table S3.1), family (Table S3.2) and genus (Table S3.3). 
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S4 SUPPLEMENTARY DATA TO CHAPTER 6 
S4.1 Mouse weight records 
6 female wild-type BALB/c mice (Mus musculus) were obtained at 8 weeks of age through the 
University of Sydney Laboratory Animal Services. The 6 mice were separated and housed in 
groups of 3 in a temperature controlled room on a 12 hr light and dark cycle at 67% humidity. 
Food and water was provided ad libitum. One set of animals was provided with standard chow 
while the other set was transitioned to a low energy density (LED) diet (2 kcal/g), 14:57:29 
protein:carbohydrate:fat ratio over a period of one week (Table S4.1: 18/10 to 24/10), 
remaining thereafter on the LED diet. Diets were obtained by custom order from Specialty 
Feeds, Australia. 
TABLE S4.1 Weight records for 6 mice over the duration of the study. Mice on the low energy 
density diet were transitioned gradually from 18/10 to 24/10, thereafter remaining on the low energy 
density diet until culling. 2 mice from each set were culled at 24hrs post-injection, and the remaining 
one was culled at 36hrs post-injection.  
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S4.2 Pyrosequencing analysis of gut bacterial relative abundances 
in mice on a control or low energy density diet 
 
Pyrosequencing of samples was performed by Macrogen (Seoul, Korea) on a Roche 454 FLX 
instrument and data processing was performed using the Roche GS FLX software (v2.8). 
Retrieved sequences were filtered according to signal quality, and read ends were trimmed by 
quality and primer sequence. The average reads per sample was 8 488 reads with an average 
read length of 471 bp.  
Pyrosequencing data was then processed using the Ribosomal Database Project (RDP) 
Pyrosequencing Pipeline (available online at: http://pyro.cme.msu.edu/). Initial processing was 
done to sort raw reads into each separate sample according to pyrosequencing tags used. The 
tags and primers were trimmed before removing sequences under 150 bp and/or of low 
quality (base call accuracy < 99%). Sequence orientation was also checked and reverse 
complemented if required. After initial processing, the number of reads obtained per sample 
ranged from 6 099 to 8 197 reads. 
S4.2.1 Rarefaction analysis 
 
Trimmed and processed sequences were aligned using the fast, stochastic context-free 
grammar (SCFG)-based, secondary-structure aware INFERNAL (Inference of RNA Alignment) 
aligner [421]. Sequences from the three control samples and three test samples were 
combined into one alignment each. Aligned sequences were then clustered using the 
complete-linkage clustering method with a maximum cluster distance of 15% and step size of 
1. Rarefaction curves were constructed for each sample set to assess the sampling depth 
achieved (Figure S4.1, 4.2).  
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The number of reads per sample ranged from 6 099 to 7 121 for the control samples, and  
6 660 to 8 197 for the test samples. Rarefaction analysis indicated that an effective sampling of 
the total number of phylotypes present at 90% similarity was achieved (with rarefaction 
curves beginning to flatten out at 10 000 reads), with reasonable estimates at the species 
level, defined at 97% similarity (with rarefaction curves beginning to flatten out at 18 000 
reads). 
FIGURE S4.1 Rarefaction curve for three control samples showing the number of phylotypes 
observed with increasing sampling depth. The number of reads obtained from each of the three 
control samples ranged from 6 099 to 7 121 reads, allowing reasonable approximation of phylotype 
richness at the species level (0.03).  
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FIGURE S4.2 Rarefaction curve for three test (low energy density diet) samples showing the 
number of phylotypes observed with increasing sampling depth. The number of reads obtained from 
each of the three test samples ranged from 6 660 to 8 197 reads, allowing reasonable approximation of 
phylotype richness at the species level (0.03).  
 
 
S4.2.2 Taxonomic classification 
 
Trimmed and processed sequences were assigned to bacterial taxonomy using RDP Classifier, 
a hierarchical taxa assignment tool based on RDP naive Bayesian rRNA Classifier [391]. A 
confidence threshold of 80% was used, where sequences below the threshold were 
designated as “unclassified”. Relative abundances of bacterial groups were obtained at the 
class, family and genus level (Table S4.2, 4.3, 4.4). 
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S4.3 Measurement of 13C and 15N uptake in gut microbial cells from 
mice maintained on different diets 
To measure uptake of host secretions, nanoscale secondary ion mass spectrometry 
(NanoSIMS) was used to track levels of 13C and 15N in gut bacteria isolated from the mouse 
colon contents obtained 24 hrs post-injection. Four sample types were examined - yeast cells 
(control for background levels of isotopes to be detected), sample from an uninjected mouse 
on standard 4 kcal/g diet, sample from a threonine-injected mouse on standard diet, and a 
sample from a threonine-injected mouse on LED diet. 
ImageJ was used to generate HSI images functioning as heatmaps of 13C (Figure S4.3), 
demonstrating a similar result to that observed for 12C 15N enrichment (Figure 6.9). The ratios 
of 13C:12C and 12C 15N:12C 14N values from all ROIs were then plotted on a graph to determine 
isotope uptake under different dietary conditions (Figure S4.4). Significance values were 
obtained using ANOVA and Tukey’s HSD. The same trends were observed in both 13C and 15N 
enrichment with cells from the LED diet sample showing a significantly stronger signal (p-value 
< 0.01) compared to cells from the standard diet sample and no-threonine control diet. 
       
FIGURE S4.3 Heat map showing ratio of 
13
C
 
 to 
12
C
 
 in bacterial cells from mice maintained on 
different diets. Low to high ratios are denoted by cool to warm colours on the spectrum. Minimal 
enrichment was observed in unlabelled control cells (A), slight uptake in labelled cells from standard 
diet mouse (B) and differential uptake in labelled cells from low energy density diet mouse (C). Different 
cells showed different degrees of signal intensity within each sample. A high degree of variance in signal 
within each cell was also observed. 
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FIGURE S4.4 Graph of 
13
C:
12
C
 
and 
12
C
 15
N:
12
C
 14
N isotope enrichment in bacterial cells from mice on 
different diets. Differential uptake of 
13
C
 
or 
15
N (postulated to originate from threonine incorporated 
into host secretions) by bacterial cells in response to different diets was observed with highest 
enrichment observed in cells from mice on the low energy density diet. Significance was calculated 
using Analysis of Variance (ANOVA) and Tukey’s Honest Significant Difference (HSD) test. 
 
Although the trends were similar between both isotopes detected, the 13C:12C ratios had a 
higher error range (average of 6.9 x 10-4 compared to 6.1 x 10-5 for 15N), and the difference 
between the LED diet and standard diet was not as dramatic. The former reflects uneven 
distribution of 13C within each cell and is predicted to be due to the fact that NanoSIMS 
detection of 13C reflects multiple metabolic fates (direct threonine incorporation, 
catabolic/anabolic metabolism) while the detection of 12C15N reflects only one metabolic fate 
(incorporation through anabolic processes). Previous work has also noted that microbial cells 
in a heterogeneous community sample exhibit uneven uptake of soluble nutrients by diffusion 
[387]. Additionally, 13C uptake is known to vary depending on cell stage – most highly observed 
in vegetative cells and less so in mature cells [384]. A higher degree of 13C turnover may also 
be expected as more discrete partitioning of 15N occurs because bacterial cells export less 
nitrogenous compounds (either as metabolites or as secretions). A higher proportion of 15N is 
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therefore predicted to remain fixed in the cell as new biomass with 15N values expected (and 
observed) to show less variance.  
Both 13C:12C and 12C 15N: 12C 14N ratios indicate increased cellular incorporation of 13C and 15N in 
cells from the LED diet sample compared to the standard diet sample, with more dramatic 
increases observed in the 12C 15N: 12C 14N  data. The 13C data is inferred to reflect the sum of 
direct threonine uptake as well as metabolic utilization by bacterial cells, therefore 
demonstrating that threonine availability differs between diet conditions, potentially due to 
increased secretion of host mucin under the LED diet. As 12C 15N detection detects only 
metabolic utilization, the data indicates that while host secretions may increase, microbial 
utilization of host secretions also increases under the LED diet.  
 
S4.4 Distribution of bacterial morphotypes based on 12C15N:12C14N 
ratio 
 
Morphological data from the NanoSIMS images were then examined to determine correlations 
between phenotype and differential 15N uptake in low energy density conditions. This was 
done in a blinded fashion to avoid bias in analysis. Cells were binned according to phenotype – 
cocci (spherical cells with length to width ratio < 1.2), “thin” rods (width ≤ 0.8 µm) and “wide” 
rods (width ≥ 1.0 µm) as described in section 6.3.4. Morphological data was plotted against 
signal data to examine distribution of cell morphotypes in relation to isotope uptake (Figure 
S4.5). Cells exhibiting a “thin” phenotype were found to consistently cluster on the higher end 
of 12C15N:12C14N signal range in both standard diet and LED diet samples. 
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FIGURE S4.5 Stratification of bacterial morphotype distribution by 
12
C
 15
N:
12
C
 14
N ratio. Within 
each diet, “thin” rods (width < 1 µm) were consistently found to cluster at the higher end of the 
distribution compared to “wide” rods (width > 1 µm) and cocci.  
 
 
